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STJMMARY
The modification of epoxy resin curing agents by the incorporation of metal salts 
offers the opportunity of improving the pot life, controllability of the cure and 
properties of the cured products. This thesis is concerned with aspects of the 
preparation and the evaluation of curing agents of this type, in many cases by 
comparison with their parent imidazole curing agents.
Chapter 1 contains a general review of epoxy resin chemistry, the curing agents 
employed and the methods used for monitoring the curing process. The rationale 
behind the present studies is also discussed.
Chapter 2 is concerned with the various techniques and instrumentation that were used 
during the course of the research whilst in Chapter 3 details of the preparation and 
characterisation, storage stability and controllability of the various curing agents are 
given.
In Chapter 4 kinetic and mechanistic details of the curing process are presented whilst 
in Chapter 5 the influence of thermal history on the mechanism of the network 
formation and the final properties of the cured resin(s) are discussed. In Chapter 6 the 
influence of the metal salts on the cured epoxy resins and the reactivity of aromatic 
diamine complexes is assessed.
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1.1 History of epoxy resins
The term 'epoxy resin' is applied to both the prepolymers and the cured resins; the
o
former contain reactive epoxy groups (the three-membered oxirane ring), —ch—ch— , 
hence their name. In the cured resins most of the reactive groups may have reacted so 
that although they no longer contain many epoxy groups the cured resins are still 
called epoxy resins.
The first products that would now be called epoxy resins were reported as early as 
1909F]. The epoxies were synthesised via the peracid attack on alkenes. Although 
many applications and syntheses of epoxies were mentioned in the 1920's and early 
1930'sP-4], it was not until 1934 that the beginning of todays epoxy resin technology 
was marked by the patent of Schlack of I. G. Farbent^f He first mentioned epoxies 
made from bisphenol A and epichlorohydrin and then extended this study by 
examining reactions with various active hydrogen containing compounds such as 
amines, acids and mercaptansM. However, it was not until the independent work of 
Pierre Castan in Switzerland and Sylvan Greenlee in the United States, that the 
commercial epoxy resins were first marketed in the 1940's. The earliest were the 
reaction products of bisphenol A and epichlorohydrin and this is still the major route 
for the manufacture of most of todays commercial resins, although there are many 
other types of resins which are also available.
In 1936 Castan produced a low-melting, amber-coloured resin which was subsequently 
reacted with phthalic anhydride to produce a thermoset compound. He anticipated the 
use of such liquid resins in the manufacture of dentures and cast articlesi'^i. In 1942 his 
developments were licensed to Ciba, Ltd. who introduced commercial products of 
epoxy based adhesive (Araldite Type I) to bond light alloys and an epoxy casting
resin. Parallel with this European activity, Greenlee working for Devoe and Reynolds 
produced resins which were similar to those of Castan, but with a somewhat higher 
molecular weight, with the objective of developing superior surface coatingsi^l. The 
epoxy coating developed by Greenlee offered improved adhesion, hardness, inertness 
and thermal resistance compared with alkyl or phenolic resins. This led to a long series 
of patents (about 40) by Greenlee and co-workers from 1943 onwardsl^-^^f
While this basic work was being carried out, both the Shell Chemical Company and 
Union Carbide Plastics investigated many areas of epoxy technology. This was not 
really surprising as the former was the only real supplier of epichlorohydrin and later 
was a leading manufacturer of bisphenol A. Shell obtained licences on the Devoe and 
Reynolds patents and began to market a range of epoxide resins under the name 'Epon' 
in the USA. and 'Epikote' in all other countries, principally to the surface coating 
industry.
During tlteî950s and I960's the quality of epoxy resins improved dramatically, with the 
epichlorohydrin-bisphenol A resins being marketed in various standards of purity and 
molecular weight ranges. Many other types of epoxy resins (for example epoxidized 
olefinic materials or cycloaliphatic diepoxides) were brought to the market during this 
period. However, the diglycidyl ether type (mainly derived from bisphenol A) has 
been commanding the majority of epoxy resin applications since those early days.
1.2 Applications
Epoxy resins find use in many applications because of their excellent properties and 
versatility, which include both processing and those of the cured resin. The processing 
is convenient since it is possible to formulate compositions with the required 
rheological properties and there is also a wide choice of curing agents (or hardeners)
so that it is possible to cure at ambient as well as elevated temperatures. Because 
epoxy resins can be cross-linked without the release of low molecular weight products 
(unlike condensation polymerisations), volatiles are not evolved during the cure, 
during which the resins experience relatively low shrinkage. The mechanical and 
electrical properties of cured neat resin are superior to many resins and they also have 
good heat and chemical resistance. The properties of epoxy resins (uncured and cured) 
are determined by the structure of the epoxy and the curing agent. Typical examples 
shown below illustrate some structure/property relationships:
o  r ___ Me   -j   Me  q
dH2~CH-CH2~ O—^ — C— ^ — O—C H ^C H —CH2-  O—^ — C— ^ — O "  C H ^ C H —CH
Me OH Me
i 1 \ I
Reactivity Pliability Chemical resistance Adhesion/reactivity Toughness Thermal stability
Epoxy
V
NH2“ CH2~CH2“ N—CH2“ CH2~NH2
i I I
Reactivity Flexibility Reactivity
H, CH NH.
Thermal stability/toughness v  
Reactivity Reactivity
Curing agents
The epoxy resins are used in thousands of industrial applications. The relative use 
pattern of epoxy resins in 1991 and predictions for 1996 are given in Tables 1.1 and
1.2 respectively. By far the major application of epoxy resins has been for surface 
coatings which consumes about 50% of all the epoxy resins produced.
Epoxy surface coatings may be primarily applied for protective or decorative 
purposes, but usually they may have even more functions because their outstanding
properties meet the requirements of this particular field. They have found use in 
diverse fields such as laboratories, swimming pools, marine environments, garden 
furniture, but one of the most popular uses is as metal primers in the automotive 
industry, where their excellent metal adhesion is highly desirable.
Epoxy resins are widely used for encapsulating electrical circuit components and 
electronic devices, where they serve to isolate a device from the adverse 
environmental effects of atmospheric gases, moisture, current leakage, solvent, micro­
organisms, mechanical shock and vibrations.
Table 1.1 Applications of epoxy resins in Western Europe and USA in 199T
Western Europe 
1000 tonnes %
USA 
1000 tonnes %
Protective coatings 59 35 84 51
Electrical applications 42 25 22 13
Reinforced resins 19 11 13 8
Bonding and adhesives 17 10 12 7.25
Flooring 25 15 11 6.25
Tooling and casting - - 12 7.25
Other 7 4 12 7.25
Total 169 100 166 100
* Reproduced from I Hamerton 'Recent developments in epoxy resins' RAPRA Review Report (1996) 
in press
Table 1.2 World market for epoxy resins in 1991 and predictions for 1996*
Region
1991 
consumption 
1000 tonnes
1996** 
consumption 
1000 tonnes
PAI***
1991/1996
%
USA 175 220 4.7
Japan 125 163 5.5
Europe 169 216 5.0
Germany 64 82.5 5.2
UK 22 28 4.9
France 21 27 5.2
Italy 19 23.5 4.3
Spain 11 14.5 5.7
Others 32 40 4.8
South East Asia 16 22 6.6
Others 31 39 4.7
* Reproduced from I Hamerton 'Recent developments in epoxy resins' RAPRA Review Report (1996) 
in press 
** Predicted figure 
*** Predicted average annual increase
As a result of todays technological progress in the area of materials science, there is a 
move to phase out the use of heavy, metallic components in many environments. This 
trend is most prominent in the aerospace industry, where the advantages of composite 
materials, particularly in respect of weight savings, has led to increasing interest in the 
development of these materials. Epoxy resins are very attractive in this area because 
they are light, easily processable and offer excellent bonding to reinforcements.
Although they suffer some drawbacks, such as relatively low glass transition 
temperatures (7g) and poor weatherproofing (UV and water resistance), these can be 
improved by using tetra- and tri-functional epoxies. Epoxies have for a long time 
represented the largest resin class in carbon fibre reinforced plastics (CFRP) and it is 
estimated that they will continue to be the most widely used resins in the aerospace 
field in the coming years. Epoxy composites find use in areas such as 'high-tech' 
leisure products e.g. in golf clubs, arrow shafts, tennis racquets and fishing rods.
Epoxy adhesives are used for bonding metals, construction materials, and for synthetic 
resins (apart from some non-polar thermoplastics). They are used for metal bonding in 
the aerospace industry (aircraft, missiles and satellites), printed circuit boards, metal 
studs to concrete, etc. Properly designed epoxy bonded joints have proven to be 
superior to rivets in terms of fatigue resistance and ultimate strength, resulting in both 
weight and cost savings. Epoxy casting resins are used in tooling applications, where 
they can be made into unusual shapes with good dimensional stability and light 
weight. This makes this type of resin ideal for making prototypes and models, and for 
vacuum forming moulds.
1.3 The synthesis and manufacture of epoxy resins
The most important routes for the synthesis of epoxy resins are (i) the dehydro- 
halogenation of halohydrins and (ii) the epoxidation of alkenes with peracids or their 
esters. Details of many syntheses of epoxy resins are given by Sandler and Karot^^l.
1.3.1 Epoxy resins manufactured from epichlorohydrin
Epoxy resins derived from epichlorohydrin form the largest group among the 
commercial epoxies available. Epichlorohydrin is used for the production of a range of 
epoxy resins because the epoxy group reacts readily with active-hydrogen containing
compounds in the presence of an alkali catalyst, MOH, and then a new epoxy ring can 
be formed by dehydrogenation.
Bisphenol A is the most common hydroxyl-containing compound used to prepare
diepoxides. It is manufactured from acetone and phenol with an acid catalystt^^*’!. One
of the reasons why bisphenol A has been the preferred dihydric phenol employed in 
epoxy manufacture is that both phenol and acetone are readily available and it is easy 
to manufacture and comparatively inexpensive. When a large excess of 
epichlorohydrin is reacted with bisphenol A with a stoichiometric amount of sodium 
hydroxide at about 65°C the resin produced contains about 50% bisphenol A 
diglycidylether, BADGE and the reaction may be represented formally as:
Me
+ HO Ç—< ^ ) ----OH
Me
O * Me
CH 2^H -CH2-0— ^ — 0 — ^ — O—CH2—CH-CH2
Me
An excess of epichlorohydrin is required to limit the production of higher molecular 
weight products since BADGE will react with bisphenol A and so on to form higher 
molecular weight resins, which have the general formula:
0. Me^  ,     Me  o
dH^CH-CH^- 0 —^ — C— ^ —O—CHj-CH—CH2- O—^ — C— ^ —O— CH^-CH—CH2 
L lile OH -I" lile
The reaction conditions can be optimised by adjusting the ratio of bisphenol A and 
epichlorohydrin to achieve the degree of polymerisation {n = 0-20) required. 
Commercial BADGE is a blend of various degrees of condensation. Typically, it 
contains about 88% « = 0, 10% n =  and 2% n = 207] BADGE may be distilled
under reduced pressure to produce the « = 0 species. This may then be used at about 
0.3% to seed BADGE diluted with 10% butylglycidyl ether to produce, after three 
days at low temperature, a 65% yield of pure, crystalline n = 0 productO^]. Many other 
phenols can be used for the synthesis of epoxy resins. A brief review by EllisC^ l^ gives 
some important examples.
Another interesting class of epoxies, some of which are available commercially, are 
derived from amines, such as aniline, or /?-phenylamine. TGDDM is one of the most 
important high performance composite materials and is used to the exclusion of almost 
all epoxies in the aerospace industry.
dnAH-CH^x ^  H
CH2-CH -CH2 H CH2-CH -CH2
TGDDM
1.3.2 Oxidation of unsaturated compounds
The oxidation of unsaturated compounds with a variety of reagents has been studied 
extensivelypo]; the most important for the synthesis of epoxy resins are organic 
peracids and their esters. There is an extensive literatureP^’ 2 2] on the methods of 
preparing the peracids with comments on the yields of both desired product and 
impurities formed. Preparation of the peracid in situ often offers advantages. It has a 
high epoxidation efficiency and stability at ambient temperatures, but there are 
handling hazards and reaction mixtures can be potentially explosive. A major 
advantage of the peracid route for the synthesis of epoxy intermediates is that the 
products do not contain hydrolysable chlorine and are low in ash and ionic content. 
Thus these resins have better weathering and ageing properties than 'conventional' 
epoxy resins and find application where 'good' electrical properties are required.
The manufacture of cycloaliphatic epoxy reins is the most important application of the 
peracid epoxidation method. These resins are free of hydrolysable chlorine and 
inorganic salts and do not contain aromatic compounds, hence are more stable to UV 
exposure than the bisphenol A derived epoxy resins. In contrast the bisphenol A resins 
show an increase in UV absorption with the passage of time and also degradative 
processes occur through the formation of conjugated structures'^, 2 4]
The starting materials for the production of cyclo-aliphatic resins may be synthesised 
by Diels-Alder addition of unsaturated compounds. This can be illustrated by the 
dimerization of butadiene to yield vinyl cyclohexene, or cyclization of butadiene and 
aldehydes or ketones to yield cyclohexene compounds which can then be epoxidized 
with a peracid. For example, with acrolein two important products can be synthesised:
CH
iH +
\ h2
t,CH=0 Diels-Alder
AI CMDH
Peracetic
acid
O
o:
C ^C H O
Peracetic
acid
O
Union Carbide, ERU4221 
Ciba-Geigy CY-179
Union Carbide, ERL-4234 
Ciba-Geigy CY-175
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Although these resins are relatively expensive they find use in high-tech applications 
in military and space industries such as missiles and satellites where superb 
weathering, ageing and anti-UV properties are required.
1.4 Chemistry of epoxy resins
1.4.1 Structure and reactivity of the oxirane ring
The geometric structure of the epoxy ring is planar, with bond angles and lengths 
(Figure 1.1 a) determined from electron diffraction and microwave spectroscopic 
measurements which have been variously discussed by LwowskiP^l, LewarsP6] and 
PetersP7]. The differences in bond angle from diethyl ether are considerable, and there 
must be considerable ring strain due to angular distortion from the tetrahedral carbon 
(sp^) of 109°. The dipole moment of simple ethers is 1.1 to 1.3 D and that for ethylene 
oxide is 1.82 D. The ionisation potential of the oxygen 2pn lone pair in ethylene oxide 
is 10.6 to 10.8 eV which is rather higher than that of dimethyl (10.0 eV) and diethyl 
(9.5 eV) ethers which Peters has compared with the ionisation energies of other simple 
oxygen compoundsP2].
H H
(a) (b)
Figure 1.1 The structure of the epoxy ring, (a) Bond lengths and angles for 
ethylene oxide, (b) 'Benf bonds in the strained epoxy ring.
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The electronic structure of three-membered rings poses difficult problems since with a 
c or c c bond angle of about 60° the 'normal' sp^ hybridisation with linear bonds 
between the ring atoms is impossible. As a result the 'benf or so-called 'banana' bond 
is formed as illustrated in Figure 1.1 b. Although the electron density is decreased by 
the smaller amount of the overlap, the ring structure is stabilised by a decrease in the 
strain energy. The geometry of the epoxy ring is similar to that of cyclopropane which 
has been discussed extensively, but because of the electronegativity of the oxygen 
atom the internal ring bond angles and lengths are not equal (Figure 1.1). Many 
structures have been proposed for ethylene oxideP^l. It has been suggested that the 
carbon atoms are trigonally hybridised (sp' )^ and that such an orbital jfrom each carbon 
atom overlaps with an atomic orbital of oxygen which occupies the centre of the ring 
and other four orbitals conjugate in the plane of the epoxy ring.
Figure 1.2 Electron distribution of ethylene oxide
The epoxy ring is very reactive not only because of the high ring strain and partial 
electron overlap in the bond, but also because of the uneven electron charge density on 
the ring which is caused by the highly electronegative oxygen (Figure 1.2). As a 
result, the epoxy ring is much more reactive than cyclopropane and therefore is more 
useful than cyclopropane compounds. The ring-opening reaction can happen either by 
way of electrophilic attack on the oxygen atom or nucleophilic attack on one of the 
carbon atoms (Figure 1.3). A terminal epoxy group is usually more reactive than a 
cyclohexene oxide epoxy group where the nucleophile is somewhat blocked by steric
12
hindrance (Figure 1.4). However, for electrophilic attack by reagents such as Lewis 
acid, a cycloaliphatic epoxide is more reactive than a terminal epoxide group.
nucleophilic reagent
0
1
Y
electrophilic reagent 
Figure 1.3 The opening of the epoxy ring
C^CgCg ^ 2 ^ 1 0 ^  — 118.5
C2 C3 C4  C^CgCg = 1 1 6 °
CgCgC^ = 109.5*'
OCgCg = z :  O C iC g  = 115°
CgC'i =1.54 A 
OC5 = 3.35 A
0 ^ 0  = 1.42 A 
0 0 7 = 3 .0 1  A
Figure 1.4 Structure of cyclohexene 
oxide compound
1.4.2 Curing process of epoxy resins
The cure of epoxy resins involves the formation of a rigid three-dimensional network 
held together by covalent bonds and this is achieved by the addition of a curing agent 
{hardener). The curing process is very complicated and it is useful to visualise the 
process in several stages, which are illustrated in Figure 1.5, although except for 
gelation, the process is continuous. Initially there is a reaction between epoxy and 
hardener reactive groups so that somewhat larger molecules are formed. As cure 
proceeds, larger and larger molecules are formed, but it should be noted that the 
average molecular size is still small even when half the reactive groups have reacted. 
When the molecular size increases as cure progresses, some very highly branched 
molecules are formed and then more and more highly branched structures develop. 
The critical point is gelation when the branched structures extend throughout the 
whole sample. Prior to gelation the sample is soluble in suitable solvents but after the 
gel point the network will not dissolve but swells as it imbibes solvent. At the gel
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point small and branched molecules are present which are soluble, hence the curing 
sample contains sol as well as gel fractions. The gel initially formed is weak and it can 
be disrupted easily. To produce a structural material, cure has to continue until most of 
the sample is connected into three-dimensional networks so that the sol fraction 
becomes small.
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As cure proceeds there are major changes in the properties of the epoxy resins.
Initially the resin hardener mixture is fluid and finally an elastic solid is produced. The
glass transition temperature of the curing resin increases as cure proceeds and these
changes can be represented in a time-temperature-transition (TTT) diagram as
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introduced by GillhamP^]. For cure temperatures well above Tg, the rate of reaction 
between the epoxy and hardener reactive groups is kinetically controlled. When AT = 
- Tg (Tç represent the cure temperature) becomes small the curing reaction becomes 
diffusion controlled, and will eventually become very slow and finally stop. For 
products for which it is necessary to ensure complete reaction of all epoxy groups, it is 
a normal practice to post cure the resins at an elevated temperature. For successful 
application of epoxy resins it is necessary to select a suitable hardener and then cure 
the resin to obtain a controlled network structure.
1.5 Curing agents for epoxies
1.5.1 General aspects of curing agents
In order to convert epoxy resins into hard infusible thermoset networks it is necessary 
to use crosslinking agents. These crosslinkers, hardeners or curing agents as they are 
widely known, promote crosslinking or curing of epoxy resins. The curing agents fall 
broadly into two types, catalytic and polyfunctional, and cross-linking between the 
resin molecules is achieved through the epoxy or hydroxyl groups of the resin. 
Catalytic curing agents, e.g. tertiary amines or Lewis acids, serve as initiators for resin 
homopolymerization but do not form part of the eventual thermoset structure whereas 
polyfunctional curing agents are used in near-stoichiometric amounts and function as 
reactants or co-monomers in the polymerisation, leading mainly to the formation of a 
three dimensional network composed of resin molecules crosslinked via the curing 
agents e.g. primary and secondary amines and carboxylic acids. In most of these 
curing reactions the actual mechanism is ionic in nature; both anionic and cationic 
polymerisations can occur, depending upon the curing agent concerned. The cure 
process normally occurs without the formation of by-products. The curing reactions 
are exothermic and the rates of reaction are increased by increases in temperature.
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Table 1.3 Estimated world market for curing agents by type^
Weight
(mmlb)
Relative use 
(%)
Amines - aliphatics 45 10
- cycloaliphatics 30 7
- aromatics 15 3
- dicyandiamide 10 2
Polyamides 75 16
Polyamidoamines 30 7
Phenol- and amino- formaldehyde resins 75 16
Carboxylic acid functional polyesters 100 22
Anhydrides 55 12
Polysulphides and polymercaptans 15 3
Catalysts 10 2
Total 460 100
* Anchor Chemical (UK) Ltd—An Air Products Company. © Air Products and Chemicals, Inc. 1992.
The choice of curing agent will depend on several parameters, such as processing, cure 
time requirements, cost and the properties of the final cured thermoset resin. The 
choice of curing agent can be as important as the epoxy itself, as this will determine 
the extent and nature of the intermolecular crosslinked structure. Following the 
publication of the first patent describing the cure of epoxy resins and their subsequent 
commercialisation, the choice of curing agents has multiplied. Originally, only a 
relatively few types were known and these included simple amines, acid anhydrides, 
phenol-formaldehyde and amino-formaldehyde resins. Nowadays, there is an 
extensive selection available and there are two reasons for the growth and further 
activities in the development of new types of curing agent. Firstly, as alternative types
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of epoxy resin were developed so was the potential for other organic chemicals to 
function as curing agents recognised. This led to the introduction of polyfimctional 
amines, polybasic carboxylic acids, mercaptans and even inorganic chemicals: hence 
the diversity of product types, as previously described by Mika and BauerPO], which 
have been offered commercially. Secondly, and consecutively with end application 
development for epoxy systems, there has been a need to modify the available curing 
agents to meet specific ultimate requirements. This has resulted in a comprehensive 
range of the speciality curing agents being offered. Table 1.3 describes the 1989 
estimated world market usage for the commercially most significant curing agent 
types. Since there are too many types of curing agents and curing mechanisms to be 
mentioned in this review, only some aspects of imidazoles and latent curing agents 
will be discussed in this section.
1.5.2 Imidazoles as curing agents
Imidazoles such as 2-ethyl-4-methylimidazole (EMI) were first introduced as epoxy 
curing agents by Houdry Process and Chemical Co. in 1965^^1. They were claimed to 
give laminating, filament winding, and casting resins an attractive combination of heat 
resistance and processing advantages. While these properties made EMI competitive 
with aromatic amine curing agents such as 1,3-diaminobenzene, they were found to be 
effective in far lower concentrations ( 1 - 1 0  parts per 1 0 0  parts epoxy) than any other 
hardener for filament winding applications. For example, aromatic amines are usually 
used in 13-30 parts per 100 parts epoxy. Pot life, although dependent on concentration, 
was found to be longer than that of amines. EMI also lessened the problem of staining 
and toxicity which is associated with the use of 1,3-diaminobenzene. Owing to the 
production of ether linkages throughout the cured resin, the imidazole cured resin 
offers high chemical-resistance and good electrical properties. The most important 
property of the imidazole was that the useful temperature limit of the resin could be
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raised without a corresponding increase in the curing temperature. For example, heat 
deflection temperatures (HDT) above 149°C were obtained by a 70°C initial cure and 
a 149°C post cure cycle. Aromatic amines, using a cure cycle of 80°C and 160°C 
generally have HDTs below 149°C.
Shell research patented the use of 1-substituted imidazoles as curing agents in 1967^2]. 
The patent covered «-alkyl imidazoles in which the alkyl group bound to the nitrogen 
atom contained 1-12 carbon atoms. They also used imidazoles in combination with 
other curing agents, such as polycarboxylic anhydrides.
2-Ethyl-4-methylimidazole is probably the most extensively used of the imidazoles. It 
is employed to cure resins used in a wide range of applications, for example, as 
adhesivesP3,34 ]^  in composite formulations^^], chemical plating resist inksP6], and 
electrically insulating vamishesP^l. An epoxy cured with EMI has also been shown to 
have a higher bond strength to aluminium than an epoxy cured with compounds such 
as dicyanamide or BFg-amine complexesP^l.
Substituted l-(cyanoethyl) imidazoles have been used as epoxy curing agents, 
especially in formulations coating a powdered electroconductive filler to produce 
electroconductive adhesivesP9-4 i] Substituted imidazolines have been employed to 
cure epoxies used in laminatesl42], coatingsl4 3-4 5 ]^  and for adhesivesI46-481. Imidazolium 
salts, particularly the substituted imidazolium tetraphenylboratesl^^.so]^ have been 
extensively employed as curing agents. These salts have been used in a variety of 
compositions for such applications as asphalt and concrete road repairt^i], coating 
compoundsl^^l, and fire- and heat-resistant resinsl^3,54] Substituted imidazolium 
halides have also found use as curing agentst^ ^»^ ]^.
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Apart from these imidazoles, many other examples of l-(H)-imidazoles or 1-(N)- 
imsubstituted imidazoles as they are known, have been commercialised and include: 2 - 
methylimidazole and 2-phenyl imidazole. Other imidazoles used as curing agents 
include benzimidazolei^'^’^ i^, 2 -(Ci_2 i a l k y l ) - i m i d a z o l e [ ^ 9 - 6 5 ]  and substituted l-[2-(4,6- 
diamino-j-triazin-2 -yl)-ethyl] imidazolei^^’^ ?] _
When used as a curing agent they react with epoxy resin at the 3-N position to form a 
1:1 molar adduct. The 1:1 adduct then reacts at the l -N position with a second epoxy 
molecule to form the 2:1 adduct. The latter contains a highly reactive alkoxide ion 
which initiates rapid anionic polymerisation of the epoxy resin.
/ 0 \
' 0 ~ CHg-CH—CH2 / \
H H\ /H 
OH p — C
I /  \
C H g - C H —C H ^ N ^
R
" A w Q — C H g —C H —C H 2
H \   /H
OH p — C o "
I /  I"AwQ—CH^CH—CH^N.^ ^N —CH2"CH—CH^O"^
R
For l-(N)-substituted imidazoles, 1:1 molar adducts with highly reactive alkoxide ions 
are formed directly therefore these tend to be somewhat more reactive catalysts and 
accelerators than the analogues with unsubstituted l-(jV)-positions. The reaction 
between l-(H)-substituted imidazoles and phenylglycidyl ether (PGE) is characterised 
by an induction period, which may be related to hydrogen bond cleavaget^^f 1-Benzyl- 
2-methyl-imidazole which is one of the few examples of a l-(7V)-substituted imidazole
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to be commercially exploited is a highly reactive catalyst for anhydrides and epoxy 
resins at elevated temperatures.
Imidazoles are often used in very small amounts (1-2 parts per 100 parts resin) as 
efficient accelerators for many curing agents. For example, 2-methyl-imidazole, EMI 
and 2 -phenyl-imidazoles are used exclusively as accelerators for dicyandiamide-cured 
high molecular weight epoxy resins in powder coating and electrical laminating 
applications. In these applications the high temperature éthérification polymerisation 
initiated by imidazole is considered as a side reaction.
Imidazoles are obtained by dehydrogenation of imidazolines which are generally 
prepared from reaction of 1,2-aliphatic diamines and nitriles. Imidazoles are often 
reacted with other compounds prior to their use in epoxy compositions. Sometimes 
they are reacted with polyfunctional epoxies to yield solids which can then be 
pulverised and used as curing agentsi^ '^'^ ]^. One problem from which epoxy resin 
compositions containing imidazoles suffer is their relatively short pot life. However, 
the pot lives of such compositions have been lengthened in several ways.
1.5.3 Latent curing agents
1.5.3.1 Pot life and latent curing agent
The mixture of epoxy resin and curing agent has a finite pot life beyond which the 
viscosity of the system has increased so much as to render the materials unusable. In 
applications requiring low viscosity, pot life generally ends at a viscosity of about
5,000 centipoise at the processing temperature, whereas for high viscosity 
applications, the end pot life is normally considered to be that point where formulation 
is no longer conveniently processable. For systems retaining low viscosity until a few
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minutes prior to gelation, the gel point can be regarded as the limit of the pot life. In 
practice, pot lives vary from a few seconds to two years or more, such is the wide 
range of possibilities in epoxy resin formulation. Many different methods have been 
developed to measure pot life, the most popular ones being based on the rotating 
cylinder viscometer principle. Values for pot life are also dependent upon the intended 
applications of the system. In most cases, especially for those short pot life systems, 
the resins have to be mixed when it is used because the resins cured from lower 
viscosity liquids have a lower shrinkage, good adhesion, mechanical, chemical 
resistance and electrical properties. However, two-part resins are not convenient in 
application and have certain disadvantages associated with their use: a) the mixing 
process is time consuming; b) mistakes in stoichiometry can be easily made; c) if the 
mixture is not evenly mixed, variation in the final properties of the different batches 
can occur and d) because of the increase in viscosity with time, automatic processing 
is difficult to carry out.
By the application of latent curing agents, one-part compositions with long pot-lives 
can be formulated and these disadvantages can be largely overcome. A latent curing 
agent is defined as one which is stable in epoxy at ambient temperature for a
reasonably long time but the curing reaction can be initiated immediately under
cf
conditions such as at elevated temperature, under the influence oHight, high pressure or 
moisture. Some hardeners that can only cure the epoxy at high temperature are stable 
at room temperature as well. They are usually called slow curing agents rather than 
latent hardeners because there is no non-continuous reaction involved.
1.5.3.2 Categories of latent curing agent
There are many types of latent curing agents and their operation mechanisms are quite 
different. The classification can be denoted in terms of heating, exposure to light
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(UV), and by the application of moisture or pressure. Although the normal curing 
reactions are initiated by heating, there are many different curing mechanisms. 
According to the physical and chemical properties of the latent hardener the 
classification can be as, insoluble in epoxy resin at room temperature but soluble at 
elevated temperature, releasing active curing agent by decomposition; active hardener 
desorption from molecular sieve and releasing active hardener by destruction of the 
capsule membrane.
Dispersion type curing agent. These type of materials exist in the solid state and are 
not soluble in epoxy resins at room temperature, but when heated they dissolve and 
initiate cure. Typical examples are BF3 complexes {e.g. BF3 MEA, pot-life 6
NHj
N yCHjCHj-N^
months), imidazole derivatives {e.g. , pot-life > 40 days), biscyanamide
and its derivatives, organic hydrazide, trimeric cyanamide and derivatives.
Thermal decomposition type. These are stable at room temperature and can decompose 
and initiate cure at high temperatures. These may include metal complexes, carboxylic 
esters and amino-imines. In this thesis, metal complexes of imidazoles and aromatic 
diamines are investigated.
Photo-decomposition type. These are stable under storage conditions but decompose
R> -N=N*MXn+^
under UV or visible light. Examples are: MXn+i ^  BF^, PF5 , FeCl^
and AsFg. The aromatic diazo salt decomposes under UV light and releases a Lewis 
acid to start the cure:
- N = N - M X n + i — +  N 2  +  MX n
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Moisture curing type. These are stable under dry conditions but release the curing
agent on contact with moisture e.g. ketimines. The reactive sites of aliphatic
multiamines can be blocked by reaction with ketone and a single functional epoxide:
O
H2N(CH2)„NH(CH2)„NH2 + 2 R ^ -c-R ^
= 5 = ^  R iR 2 C = N (C H 2 )n N H (C H 2 )m N = C R iR 2  +  2 H2 O
PGE
R^ 2C=N(CH2)nN-(CH2)mN=CRiR2 
CH2CHCH2 0 - X ^
OH
A thin film of epoxy resin containing such a ketimine can start the cure at room 
temperature by absorbing water in the air (the reactive multiamine can be released in 
the opposite direction shown above). Because it absorbs water during the cure, this 
curing agent is unsuitable for thick film cure processes.
There are many more different types of latent curing agents and details about their 
preparation and properties can be found in a reviewf^B.
1.6 Methods for monitoring the curing process
1.6.1 Monitoring cure
During the early stages of cure it is in principle possible to determine the concentration 
of epoxy or hardener groups by 'wef analysis or alternatively chromatographic 
methods. However, there may be difficulties because of interferences due to the 
presence of different types of reactive groups. When the cure has reached the gel stage 
it is no longer possible to use methods which involve dissolution of the whole sample. 
Since cure involves the formation of a network it is not sufficient just to determine the
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extent of chemical reaction, but changes in the physical and mechanical properties of 
the resin with cure treatment, time and temperature T J are also important. The 
methods that are used to monitor cure as functions of and tç. may be classified as 
follows.
1. Direct assay of the concentration of reaction groups present, usually the 
epoxy concentration.
2. Indirect estimation of the extent of chemical reaction.
3. Measurement of the changes in physical and mechanical properties.
For a full interpretation of the changes occurring during cure it is necessary to monitor 
both the concentration of reactive groups and physical properties such as rheology or 
dielectric constant,
To obtain data amenable to a kinetic analysis of the rate of the competing consecutive 
reactions that occur during the cure, the concentration of the reactive groups must be 
assayed as a function of cure time, tç., at a specific isothermal cure temperature Tç.. In 
some cases non-isothermal data have been analysed but they are not as reliable as 
isothermal data. However, it should be noted that collection of isothermal rate data 
may involve considerable experimental difficulty. For instance it is not possible for 
samples to reach the cure temperature instantaneously, heat has to be supplied to the 
sample to raise its temperature, i.e. T^mbient ^c- Also the resin is curing so that there 
may be a temperature gradient across the sample and subsequently the heat of reaction 
may cause the centre to become much hotter than the nominal cure temperature Tç.. 
This may cause sampling problems since the extent of the reaction may be 
inhomogeneous.
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1.6.2 Assay of the concentration of reactive groups
Methods that can be used for the measurement of the concentration of reactants and 
intermediates, or reactive functional groups may be divided into two groups:
1. Wet analysis or chromatographic methods: these measurments involve the 
partially cured resin being dissolved.
2. Direct measurements during the course of cure: these techniques do not 
involve ; quenching and dissolving of the samples undergoing a cure 
process, e.g., in-situ FTIR, DSC or dielectric analysis.
As previously noted, the former methods are only applicable prior to gelation, whilst 
the others can be used to the limit of their sensitivity. However, it should be noted that 
the sensitivity of both groups decreases as cure time increases. It is usually difficult to 
measure the extent of reaction for the 'final' few percent of the reactive groups.
1.6.2.1 Wet analysis
Chemical methods can be used for the analysis of reactive groups still present in 
partially-cured resins. These methods include the halogen-acid cleavage of the epoxy 
ring to yield a halohydrin:
O OH X
-CH^Hg + HX ------► -CH-CH2
The number of epoxy groups per unit mass present can thus be determined. However,
published methods which essentially rely on the reaction being exclusive and
quantitative, show that it is by no means easy to ensure the accuracy of these methods.
It is essential to follow the detailed procedure closely, and to ensure that specified
conditions are strictly foliowedl^ »^"^ !^. To obtain reliable resultsi' '^ l^, problems due to
interference must be eliminated to obtain reliable results and often more than one
method of measurement is necessary.
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Chromatographic methods have been applied as one of the most popular methods for 
monitoring cure. A number of chromatographic techniques can be used in the study of 
epoxy resin curing reactions. Among these perhaps High performance Liquid 
Chromatography (HPLC) has proved the most useful. This particular technique has 
been used widely in conjunction with model systems, whereby the reaction 
intermediates and products can be isolated, characterised and quantitatively 
assessedi'7 -^^ ^1. If the concentrations of the various species are ascertained, kinetic 
information regarding these systems is also a v a i l a b l e i ^ ^ ]  Variations upon the HPLC 
technique have been employed. The use of radio-HPLC for example has proved most 
convenient in the study of the reactions of both aromatic amines and imidazoles with 
various e p o x i e s t ^ 2 - 8 4 ]  By incorporating a radio-label in either component, the 
concentrations of each intermediate species can be monitored against time. By using 
radio-HPLC in this fashion, Buist et were able to assess the ratios of the rate 
constants for the first and second step of some aniline/PGE reactions in the presence 
of alcoholic catalysts. Dusek and Matejka investigated the reaction of model 
compounds for TGDDM-diglycidyl aniline with secondary amines by using 
HPLCl^^’^ l^. In a recent study on the mechanism of epoxy-resin curing in the presence 
of glass and carbon fibrest^^l, HPLC together with a number of other techniques were 
applied. This enabled structures to be proposed for the reaction prior to the gel point.
Gel permeation chromatography (GPC) (also called size exclusion chromatography, 
SEC) is a technique which has been used to a lesser degree. This method separates 
different species by molecular weight, although often without the resolution afforded 
by HPLC. Dusek and Blehai^^l used GPC in combination with mass spectroscopy to 
identify the adducts produced in a dodecylamine/PGE system. GPC was also 
employed by Charlesworth who studied a simple aniline/PGE system. Owing to the 
poorer resolving power of the technique, special deconvolution software was
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employed to assess the relative amounts of each component at various stages of cure. 
In a recent study on transition metal complexes as additives of epoxy resins, GPC 
was applied as one of the methods to study the reinforcement of the cured epoxy 
networkt^^l. In a more recent study on the first stages of homopolymerization of a 
piperidine/PGE system, GPC was used to follow the curing reactionPO]. The activation 
energy for the first step, namely addition of piperidine to PGE, was determined. After 
this reaction, the PGE oligomerization takes place at room temperature.
Nuclear Magnetic Resonance (NMR) spectroscopy has proved to be a valuable tool 
for investigation of many aspects of epoxy curing e.g. monomer and polymer 
structure, conformation, molecular motion and kinetics. By using solution NMR the 
concentration of the epoxy groups can be followed. Although solution NMR has been 
restricted to the use of model compounds (to avoid cross-linking), some extremely 
interesting studies have been carried outl9i.92]. Proton (*H) NMR was used by Tighzert 
et a l [^ 2] to follow the bulk reaction of BADGE and DDM at low temperature. Using 
D5 -DMSO as the solvent they examined various samples of the 'pre-gelled' curing 
reaction mixture using a high resolution instrument (350 MHz). By looking at 
different peak intensities they were able to assess the percentage concentration of the 
various species involved. Glover et a/.P^l made use of NMR in a similar fashion, to 
follow the reaction of sterically hindered amines such as the tetramethyl silicon 
diamine (TMSiDA) with model and commercial epoxies. Using an initial epoxide : 
amine ratio of 10 : 1, straightforward first order kinetics were assumed. A combination 
of HPLC, and i^N NMR was used to characterise the intermediates and products of 
reaction of DDM with PGE (and BADGE)^^^] As well as investigating the kinetic side 
of the process, and ^H NMR have also been used to some extent to look at the 
more subtle areas of resin formation. For example, the importance of intramolecular 
cyclization reactions is well known in epoxy cure, as their products can affect the resin
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rheology during the cure and the final crosslinking density of the network. Studies in 
this area by Attias et a/.P^l, Johncock et and later Grenier-Loustalot et 
have highlighted the use of NMR in the qualitative assessment of these species. 
However, prior to the present work, no in-situ fused state NMR method has been 
reported.
In a recent publication, Fischer et ûf/.l^ '^ l considered the usefulness of liquid-state 
NMR in connection with solid-state NMR and infrared (IR) measurements for 
investigating the chemical structures and the course of the reaction of BADGE with 1- 
cyanoguanidine in the presence of different accelerators such as N,N'- 
dimethylbenzylamine and imidazole.
Although solid-state NMR has so far found only little use in terms of kinetic 
measurement of epoxy systems, it has been shown to be useful in thermoset 
c h a r a c t e r i s a t i o n l 9 ' 7 ’98] application of this technique to the study of epoxy resins has 
been discussed in detail by Mertzel et A  study using CP-MAS (Cross­
polarisation and magic angle spinning) has managed to show how certain structural 
aspects of the cured resins can be changed by using different amounts of a catalytic 
curing agent in a BADGE-DDS blendi^^o] gy analysing various chemical shifts it was 
shown that as the amount of BFg or benzyldimethylamine was increased, the relative 
proportion of ether linkages in the resin also increased. This was also accompanied by 
a diminution in the content of -OH moieties.
1.6.2.2 Direct Assay of the functional groups
Fourier Transform Infrared (FTIR) spectroscopy has been demonstrated to have 
extensive use in the analysis of cure reactions. Similar to NMR, the integrated 
intensity of an infrared absorption band is directly related to the concentration of the
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absorbing species. The absorption of the epoxy ring breathing vibration at about -913 
cm-^  appears to be the most convenient mode of observation!^^i-103] Absorptions of 
reactive groups of curing agents are useful as well. The concentration of the reactive 
groups can be followed by comparing the intensity of the reactive bands with an 
internal standard band which is known to be constant throughout the course of reaction 
(e.g. C-H stretching in a phenyl ring). The direct measurement can be carried out 
without dissolution. By equipping the sample holders with a temperature controller, a 
'real time' or in-situ mode monitoring process which does not disrupt the curing 
sample throughout the cure can readily be undertaken. Quantitative analysis on the 
epoxy curing system by the application of FTIR has been reviewed by Mertzel and 
KoenigP9]. The approach of using this method for kinetic applications has been well 
documented for epoxy systemsl^04-i07] Together with other techniques, FTIR was used 
for the final network structure and the course of the cure of an epoxy systeml^’^ f 
Additionally, it was one of the techniques used to study the mechanism of epoxy-resin 
curing in the presence of glass and carbon fibresl^’^1. In a more recent study on the 
kinetics of the condensation reaction of epoxide with phenol, in-situ FTIR was 
employed as a unique method to study the linear chain growth versus branching in the 
melt state, enabling rate constants to be determined!^ 8^]
Measurement of the near infrared (NIR) absorption (16,000-4,000 cm*0 offers 
advantages over the mid-infrared since only strong bands have significant absorption 
in the overtone region. Hence, the spectra are less complicated thereby reducing 
problems due to the presence of overlapping bands. Also, the sample path length is 
longer, 1 - 1 0  mm, and hence sampling is more representative making it possible to use 
a glass cell to confine a liquid sample. Goddu and Delker!i09] studied the overtone 
region and D a n n e n b e r g l ^ ^ ^ ]  extended their work to establish calibrations which enable 
accurate assay of epoxy and amine group concentrations during cure. In some recent
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studies!^ NIr  was successfully applied to monitor the absolute concentrations of 
primary, secondary and tertiary amine groups and epoxy, hydroxyl and ether groups 
for the TGDDM/DDS and BADGE/DDS epoxy systems as a function of cure time. 
Both overall and elementary rates of the reactions were determined.
Raman spectroscopy offers the advantage of providing precise information on the 
composition variation at the molecular level, and accordingly, on the degree of cure. 
Because of the simplicity of the sampling requirements and the Fourier-transform 
technique, this kind of vibrational spectroscopy is useful for in situ non-destructive 
studies over the complete curing timeh^" ‘^^ ^^ l.
1.6.3 Thermal analysis-DSC
Differential scanning calorimetry (DSC) can estimate the extent of chemical reaction 
indirectly. Since its introduction on a commercial basis in the early 1960's DSC has 
proved to be a highly convenient method for monitoring cure reactions. The basis for 
the application of DSC methods depends on the assumption that the measured 
thermograms can be directly related to the extent of chemical reaction, with usually a 
simple linear relationship between the thermal response, e.g. exothermic heat evolved, 
and the consumption of epoxy groups. DSC has found extensive use in this field 
because it has the advantage of providing quantitative data on reaction kinetics in a 
relatively short time, using only small amounts of material and allowing a 
determination of the 7g. Prime!--1 discussed the detailed experimental procedures that 
are required for the accurate application of DSC methods for the monitoring of the 
cure of thermosetting resins, including epoxy resins which have also been dealt with 
by Barton!* 19] and Hadad!*20].
The fractional conversion (a) can be estimated from
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a  = 1 — AHç /  AHj
where AH^ and AHj are the amounts of exothermic heat evolved in the time interval 0 
—  t and the total heat evolved respectively! 118,119,121] gy  analysing the DSC 
experimental data the kinetics of the curing reaction can be studied in either isothermic 
or dynamic modes!* *9]. Many mathematical approximations have been applied to 
analyse the data!*22-*24], in order to include such features as autocatalysis and side 
reactions such as éthérification, more complex rate expressions have been developed 
to describe the experimental data!*25-*30] D§(] can also be used to estimate the extent 
of cure by determining the onset curing temperature and 7^ !*2*,*3i]_ However, DSC has 
certain drawbacks especially in the kinetic analysis of the experimental data. For any 
crosslinking system, 100% conversion is virtually impossible since the curing reaction 
stops at a certain degree of cure depending on the network structure. The total heat 
flow produced in a scan does not represent the total amount of reactive groups and as a 
result there is a difference between the 'apparent' conversion derived from enthalpy of 
the cure and the 'real' conversion. For a complex cure process, there may be many 
different reactions involved e.g. additions between epoxy groups and primary, 
secondary and tertiary amines, éthérification and hydroxyl propagation (which can not 
be distinguished by DSC). In some cases, the descriptions of these complex reactions
are i n c o n s i s t e n t ! * ^ 2 , i 3 3 ]  or difficult to compare.
1.6.4 Physical changes in the curing process
During the cure, an epoxy resin changes from a viscous liquid to a gel form and finally 
to a rigid glassy solid. With the increase in the cure there are very large changes in 
rheological properties due to changes of molecular structure. The degree of conversion 
can not provide information about physical property changes which in turn may affect 
the rate of cure. At the early stages of cure the rate of the reaction may be high, but the 
size of the molecules increases slowly. At around the gel point a small change in the
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degree of reaction can cause a great increase in the size of the molecules which form 
an initial crosslinked network. The reaction slows down and will slow down further 
after vitrification leads to the final network.
Many techniques have been developed to monitor rheological changes during the cure. 
The early stages of cure are often monitored by measurement of shear viscosity. One 
of the most convenient instruments is a cone and plate viscometer!*34]^  since the 
sample size is small and temperature control is good. Macosko!*^^] gives an outline of 
the application of rheological measurements to monitor the cure of thermosetting 
resins including epoxies and the very large increase in viscosity at the gel point is 
discussed in detail by Malkin et a/.!*^ ]^ Verchere et measured the shear viscosity 
with a concentric cylinder viscometer and the extent of reaction using other 
techniques. The shear viscosity of a resin during cure may increase due to either 
gelation or the onset of vitrification. At these critical stages, the measured data may 
exhibit a sharp drop as the resin structure is broken by the shear force or, an infinity 
value as the spindle is stopped by the gelled resin. Thus, the whole cure process can 
not be monitored by measurement of shear viscosity. Although techniques such as the 
curometer!*27] which does not break the resin structure during the gel state are 
available, it is necessary to measure a complex modulus and its components. The 
technique known as dynamic mechanical thermal analysis, DMT A, or DMA have 
been used in this fashion. The instruments are equipped with a computer and suitable 
programmes which enable measurement of changes in the complex modulus and its 
components by factors of 1 0 .^
Dielectric spectroscopy is a very convenient method for characterising polymeric 
materials containing polar groups and polarizable moieties. Ion-containing polymers, 
usually known as ionomers, comprise permanent dipoles able to interact with an 
electric field and able to reveal structural transitions in the material by a change in the
32
dielectric polarisation. The electric response of ionomers is therefore expected to 
provide information on local motions - and thus local structures - and molecular 
dynamics. Monitoring cure of epoxy resins by measurement of the dielectric properties 
is a well established technique with the advent of computer assisted data 
c o l l e c t i o n l * 2 8 , i 3 9 ]  gy following the dielectric response of an epoxy cure process, ionic 
conductivity and dipole relaxation can be derived and therefore rheological properties 
including sol-gel-glassy conversion can be characterised!*"*®].
As the curing process depends on many parameters, dynamic dielectric and dynamic 
mechanical analysis results obtained separately on 'reproducible' curing processes can 
not be correlated reliably. Such a correlation is desirable to improve the accuracy of 
observed parameters and hence quality control ranging from characterisation of the 
raw material to the optimisation of the manufacturing process. For this reason a 
simultaneous monitoring of epoxy cure by dielectric thermal analysis (DETA) and 
DMT A has been developed!*"**-*"*^ !.
Many other techniques have been used to investigate physical changes of epoxy resin 
curing processes e.g. electron spin resonance (ESR)!*"*'*'*"*^ ] and fluorescence 
5/ 7ec^ro5 cq/?y!*"*^ >* 16,137] Tg^y et a/.!*"*®l used «-^er^-butyl-a-phenylnitrone and 2,4,6-tri- 
/er/-butyl-nitrosobenzene as spin traps to study the cure mechanism and reaction 
kinetics of the TGDDM-DDS resin system. Once activated, the spin traps which are 
paramagnetic in nature become covalently bonded to the specific sites of the reactive 
species and can then be used as spin labels to probe the mobility of chain segments 
involved in the reaction. This technique enabled them to monitor the whole process of 
cure. The structure and mobility of the spin adducts as observed in this system show 
that the cure proceeds in four distinct phases (I. cure initiation phase; II. autocatalytic 
chain extension phase; III. network formation phase; IV. reaction in vitrification
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phase), each phase being characterised by its own rate controlling process and 
activation parameters. The latest work of Lin and Wang!*"*^ ! showed how the 
fluorescence spectrum can monitor the polarity change and gelation during epoxy 
cure. In an isothermal cure, the fluorescence frequency increased linearly with cure 
time until gelation occurred. The total change in fluorescence frequency was 1000cm * 
and was independent of the cure temperature, implying that the chemical structure of 
the infinite network at the gelation time was independent of the cure temperature.
Many other techniques such as ultrasonic measurements^^ '^^^^ '^^^-^^ \^ dilatometry^^^^\ 
electricaïï^ '^^  ^ and thermaL^^^’^ ^^  ^ conductivity, brillouin ^ca/rmwgl*^*!!*^ !^ and photon 
correlation spectroscopy^^^^^ have been explored to monitor the physical changes in 
the curing process.
1.7 Rationale behind the present study
The current work involves the modification of a series of epoxy resin curing agents by 
coordination with transition metal salts. The 'new concept' polymers which involve the 
incorporation of inorganic metal ions into the organic polymer matrix, offers the 
opportunity to improve the properties and reduce the cost of polymer materials. The 
study of combined organic-inorganic polymer materials is receiving increasing 
attention from both industrial and academic circles, not only in the area of epoxy resin 
but also other areas of polymer science because there is potential commercial benefit; 
the basic understanding on these kind of materials needs to be improved.
The coordination of some metals with conventional epoxy curing agents has already 
been shown to offer some benefits (e.g., by improving the storage stability, 
controllability of the cure and the final properties of the cured polymers) when 
employed with epoxy resins. In the current study this approach is being broadened to
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include novel imidazole derivatives with better solubility characteristics in commercial 
epoxy resins. A knowledge of the kinetics of the cure are of great importance in 
determining the processing parameters. Consequently, these will be investigated using 
a number of techniques to allow a study of the polymerisation mechanism(s). The 
influence of the metal on the curing process and upon the cured products will also be 
studied using a variety of measurements (e.g. water absorption, dielectric and thermal 
analysis, etc.). From these studies, it is hoped to obtain a better understanding of the 
benefits which may result from the incorporation of metals in epoxy resin systems.
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2.1 Materials
Phenylglycidylether (PGE, 99%) and 2-ethyl-4-methylimidazole (EMI, 99%) were 
obtained from Aldrich Chemical Company and purities were checked using NMR 
spectroscopy prior to use. Copper(II) chloride (98%) was obtained from BDH. 
Commercial epoxy resins bisphenol A diglycidylether (BADGE), MY750, and 
tetraglycidyl-4,4-diaminodiphenylmethane (TGDDM), MY720, from Ciba-Geigy 
were used without further purification. The commercial epoxy monomer, 'EPON 825' 
{ex Shell), is a high purity grade of BADGE. The structure may be represented by:
O __  Me   o
c5h^CH-CH2~0—^ —C— O- CH^CH-CH2
Me
EPON 825 (BADGE)
The purities were determined by NMR spectroscopy and HPLC and the 
compounds used without further purification. Or//zo-phenylenediamine (OPD), para- 
phenylenediamine (PPD), both originally 98% and further purified by 
recrystallization, diaminodiphenyl methane (DDM, 97%), and diaminodiphenyl 
sulphone (DDS, 97%) were all obtained from the Aldrich Chemical Company. 
Absolute (100) ethanol was purchased from Hayman Limited and all other solvents 
(AR grade) were obtained from FISONS. For GPC and HPLC, tetrahydrofuran (9 9 .9 + 
% HPLC grade) was obtained from SIGMA-ALDRICH and acetonitrile (HPLC 
solvent) from FISONS.
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2.2 Equipment
2.2.1 NMR spectrometer
Nuclear magnetic resonance (NMR) spectroscopy has become a powerfiil tool for 
structure elucidation, effectively providing a 'map' of the framework of an organic 
molecule. The technique is only applicable to those nuclei which possess a spin 
quantum number (7) greater than zero. The most important of such nuclei as far as the 
chemist is concerned are and both of which have a spin quantum number of 
1/2. The spinning of these nuclei generates a magnetic moment along the axis of spin, 
like a tiny bar magnet. When the nuclei are placed in a magnetic field they align 
themselves in relation to the applied field. The number of orientations is equal to 21 + 
1. Thus those nuclei with 1=1/2  have two possible orientations in the magnetic field 
(+1/2 and-1/2), which are associated with different energy levels. The difference in 
energy between the two spin states is dependent on the magnitude of the applied 
magnetic field and the nuclear magnetic moment. The frequency of radiation necessary 
to effect a transition between the two energy levels is given by the equation:
u = \iHJhI
where u is the frequency of the radiation, p is the magnetic moment of the nucleus, Hq 
is the strength of the external magnetic field, h is Planck's constant, and /  is the spin 
quantum number. The basis of the NMR experiment is to subject the nuclei to 
radiation which will result in a transition from the lower energy state to the higher one. 
The most useful NMR information for the chemist is the chemical shift - the difference 
caused by the electron environment of the particular nucleus. Circulation of electrons 
about the nucleus itself can generate a field aligned opposite (shielding effect), or 
reinforced (deshielding effect) to the applied field, resulting in different chemical 
shifts. Owing to the widespread use of NMR spectroscopy it is not necessary to
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discuss this method further, as most standard texts to which the reader is directed 
contain adequate treatments.
In this study, ijj NMR spectra were obtained using a Bruker AC300 high field FT 
NMR spectrometer operating at 300.15 MHz. Normal measurements were carried out 
in CDCI3 and for high temperature measurements were made in the bulk state or in 
DMSO-dg at a range of temperatures controlled by a variable temperature controller 
(Bruker B-VT 1000 variable temperature unit). A minimum of 64 scans were collected 
for each spectrum to ensure the accuracy of the signal intensities. ^^ N spectra were 
obtained in acetone at 25°C on the same instrument operating at 30.4 MHz. A 
paramagnetic agent Chromium(II) acetylacetonate, was present at a concentration of 
0.05 M in order to suppress the Nuclear Overhauser effect and nitromethane was used 
as an external standard.
2.2.2 UV/VIS spectrophotometer
UV spectra were obtained using a PHILIPS PU 8740 UVWIS Scanning 
Spectrophotometer at 25°C using absolute ethanol as solvent and reference.
2.2.3 Infra-red spectrometer
Infra-red spectroscopy (IR) is used almost universally in the characterization of 
organic compounds, by virtue of the fact that each organic compound will display a 
characteristic series of absorption bands, dependent on the structural features present 
in the molecule. A molecule is constantly vibrating: its bonds stretch (and contract), 
and bend with respect to each other. Changes in the vibrations of a molecule are 
caused by absorption of infrared light. The collection of discrete absorptions comprise 
a unique spectrum, characteristic of the compound or compounds under analysis, and 
from which they can be identified.
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Fourier transform infra-red spectra were obtained on a Perkin-Elmer 1750 FT-IR 
spectrometer interfaced with a Perkin-Elmer 7300 computer; the samples were 
presented as KBr plates or as liquid samples on NaCl windows. A minimum of 24 
scans were collected at a resolution of 2  cm-  ^for each spectrum.
2.2.4 Thermal analysis
2.2.4.1 Differential scanning calorimetry
Differential scanning calorimetry (DSC) is the most widely used thermal analysis 
technique in which the difference in energy inputs into a substance and a reference 
material is measured as a fimction of temperature whilst the substance and reference 
material are subjected to a controlled temperature programmeC^i. Two modes, power 
compensation DSC (measuring the power difference supplied on the sample and 
reference pans which maintain the same temperature) and heat flux DSC (measuring 
the temperature difference between the sample and reference pans when the same 
power is supplied) are available commerciallyM.
Pinwheel detector
Reference
pan
Sample
pan
ATFurnace block
Figure 2.1 Principle of DSC
46
Both Shimadzu DSC-50 and DuPont 9900 instruments used in this work are heat flux 
type, detecting the temperature difference between the sample and reference substance 
in the process of heating or cooling at a specific rate in identical environments, in 
other words, the difference in the heat flow running into the sample and the reference 
substance. By this technique, the temperatures of melting, transition, crystallisation, 
oxidation, polymerisation, and others, and the enthalpy values in such processes can 
be measured. In the Shimadzu DSC-50, a pin wheel type high sensitivity detector is 
used in the Kernel detecting unit, and a stable baseline is obtained, so that very small 
changes of even 10 pW can be detected. Figure 2.1 shows the principle of DSC.
DSC measurements, reported in Chapter 4, were performed using a Du Pont 910 
calorimeter interfaced with a Du Pont 9900 computer/thermal analyser. Samples of ~ 8  
mg were accurately weighed into open, uncoated aluminium DSC pans. Routine DSC 
scans at 10 K min-  ^ under nitrogen were performed from 30 to 350°C to observe the 
thermal properties of each of the blends.
For the work described in Chapters 5 and 6 , DSC was performed both isothermally 
and at a variety of heating rates (1, 5, 10, 15 and 20 K min-i) under nitrogen (30 cm^ 
min-^) using a SHIMADZU DSC-50 differential scanning calorimeter interfaced with 
a SHIMADZU TA-501 thermal analyser. Samples ( 8  ± 2 mg) were run in sealed 
aluminium pans under notrogen. The glass transition temperatures were determined, 
using a TA-501 analyser, from the routine scans at 10 K min-  ^of the cured samples.
2.2.4.2 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a method of continuously weighing the sample 
involved in a heating or cooling process, and it can show the temperature region in 
which weight changes take place, and the magnitude of such changes. It is possible to
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trace reactions such as dehydration, decomposition, oxidation, evaporation and 
adsorption. It is also effective for the analysis of the rate of a reaction. In the Shimadzu 
TGA-50, the taut band fulcrum and suspension method are employed, which provide 
vibration resistance, so that changes of only 1 pg can be detected. At the same time, 
the atmospheric gas can be adjusted easily, and it is possible to carry out 
measurements in various inert or active gases.
The TGA measurements reported in this thesis were made using a SHIMADZU TGA 
thermogravimetric analyser interfaced with a SHIMADZU TA-501 thermal analyser. 
TGA samples ( 6  ± 2 mg) were run in open aluminium pans under nitrogen and a scan 
rate of lOK mim* was used for all thermal decomposition analyses.
2.2.5 Rheological measurements
Viscometric measurements were made using a Brookfield RVTD113 viscometer 
(using a RV7 spindle) operating at a fixed shear rate of 64 Hz and at a range of 
temperatures using a Brookfield Thermosel heating mantle controlled by a Brookfield 
model 64 temperature controller.
A curometer, designed at the University of StrathclydeC^i was used to monitor changes 
in the viscosity with time. The oscillating probe operated at a frequency of 2 Hz.
2.2.6 Chromatographic measurements
High performance liquid chromatography (HPLC) was performed on a system 
comprising a Spectra-Physics model SP8700 solvent delivery system, Pye Unicam 
model PU4020 ultraviolet-visible (UV-vis) detector operating at 275 nm, and a 
Spherisorb ODS 5p (12.5 x 4.6 mm) column. A gradient elution was performed using 
acetonitrile and water (from 90:10 to 45:55 acetonitrile : water) and the flow rate was
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1 cm^/minute. Methanesulphonic acid (at a concentration of 0.5 % by volume) was 
used as an ion pair suppression reagent.
Gel permeation chromatography (GPC) was performed on a Waters system 
comprising a model 510 pump, ERMA model ERC-7510 index reflection detector, 
and a Polymer Laboratories PLgel 5p column. The eluent was tetrahydrofuran and the 
flow rate was 0.8 cm^/minute. Both the GPC and HPLC detectors were interfaced with 
an NEC Power Mate PC using a Millennium 2010 chromatography manager system.
2.2.7 Dielectric measurements
Dielectric measurements were carried out on a Solartron 1250 frequency response 
analyser acting over a range from 10'  ^ to 6  x 10  ^ Hz. The frequency range can be 
covered by 30 data points, and the collection time was approximately 1 minute which 
is sufficiently short to approximate a set of data as an instantaneous snapshot of the 
dielectric properties of a dynamic system. Uncured and neat resin samples to be 
measured were placed in a cell consisting of two pre-etched copper electrodes of 
active area 1 cm^ mounted on a glass fibre reinforced epoxy resin base and placed in 
an Oxford Instrument cryostat (DN1704). The data were obtained as plots of dielectric 
constant and dielectric loss at frequencies given above versus time. Measurements on 
cured resin samples were carried out on samples measuring 1 2  x 17 x 1 mm^.
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3.1 Introduction
As mentioned in Chapter 1 epoxy resins, by virtue of their extreme versatility, are used 
extensively in industrial applications (e.g., as adhesives, as resin impregnated fibres, or 
for resin transfer moulding, etc.). The range of applications could possibly be extended 
if they fulfilled the following requirements: able to cure quickly and be readily 
formulated as one-pot compositions (i.e., the epoxide and curing agent are stored as a 
mixture rather than as two separate materials that have to be mixed prior to use). This 
formulation must have good stability over a specified period.
Imidazoles are effective epoxy resin curing agents and this aspect has been reviewed 
in Chapter 1 (1.5.2). Imidazoles are used as epoxy curing agents due to their fast 
catalytic action, and for the fine mechanical and dielectric properties which they 
produce in the cured resin. These curing agents also produce resins with a relatively 
high Tg at a relatively low cure temperature. Recent studiesfl'^l have demonstrated that 
epoxy resins cured with imidazoles can have superior physical properties (e.g., better 
heat resistance, lower tensile elongation, a higher modulus and a wider range of cure 
temperatures) than amine cured systems. This has, in turn, resulted in their wide use 
in the electronics industry as moulding and sealing c o m p o u n d s [ 2 , 3 ]  Imidazole cured 
resins also exhibit good chemical resistance which results from the ether linkage 
throughout the network.
However, imidazoles often suffer some drawbacks in application, e.g. poor solubility 
in epoxy resins and low stability when mixed with epoxies (curing occurs slowly at 
room temperature) making them unsuitable for use in one-pot compositions. Although 
in some cases the room temperature insoluble imidazoles can be applied as latent 
curing agentst^] (cure can occur by heating the mixture to dissolve the imidazoles), it 
is inevitable that the mixture is not very homogeneous when the curing reaction
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commences. Solubility of the curing agent is very desirable because heterogeneous 
dispersions are liable to settle out or agglomerate during storage. It is also useful to be 
able to form a solution containing both the epoxide and curing agent for the 
manufacture of pre-impregnated fibre composite materials (prepregs). Much work has 
been carried out on stabilising imidazoles for use as latent curing agents and one 
approach to stabilize the imidazoles involves the preparation of metal-imidazole 
complexesB’^ i. Most metal imidazole complexes are crystalline materials with very 
low solubility in common epoxidesM. The solubility of the imidazoles and their metal 
complexes can be improved by the preparation of derivatives to improve their 
hydrophobicity. The adducts of phenylglycidylether (PGE) and 2-ethyl-4- 
methylimidazole (EMI) have proved to be excellent curing agents with improved 
solubility. BartonUl found that both 1:1 and 2:1 adducts of PGE and EMI (Scheme 
3.1) could be complexed with a variety of metal salts and, in most cases, these 
complexes were soluble in epoxides and organic solvents. Moreover, the complexes 
were relatively unreactive at room temperature, but effective curing agents at high 
temperatures. Poncipe preparedt'^i a range of epoxy-imidazole adducts, then 
complexed these adducts with metal salts. He found that there was a temperature- 
dependent induction period to the first-order reaction and that the nature of the metal 
ion was important in determining the length of this induction period. The order 
Cu">Ni">Co" was observed for M(1 :1 )4(N0 3 ) 2  and M(l: 1 ) ^ 0 1 2  (M = transition metal) 
at a range of temperatures (which was in agreement with the order of stability of these 
complexest^i). The 1:1 adduct, like other imidazolesM, coordinates to the metal through 
the pyridine-type tertiary nitrogen and it is the lone pair on this nitrogen which also 
attacks the epoxide. Therefore, the complexation between the metal and the nitrogen 
atom in the imidazole ring prevents the occurrence of the curing reaction when the 
coordination is stable enough at room temperature.
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In this further development, the most popular commercial imidazole, EMI, was 
selected as parent imidazole. The modification involved the preparation of 1:1 and 2:1 
adducts of PGE and EMI and their copper complexes to make modified, room 
temperature stable imidazoles with improved solubility. The potential of these systems 
as latent curing agents with significant ambient temperature storage stability is 
evaluated. An important development is the action of complexation on retarding the 
reaction effectively. This in turn allows partial cure of the epoxy resin and (after 
quench) further storage at room temperature with no cure. These characteristics are 
useful in controlled cure schedules of resins or composites in some particular 
processing requirements. In order to demonstrate the effectiveness of these novel 
curing agents in potential industrial applications, the most important commercial 
epoxy resins BADGE and DDTGM were selected to study the latency and 
controllability of the complexes. Techniques such as viscosity measurements, NMR 
and FTIR were used to determine the extent of cure.
3.2 Experimental
3.2.1 Preparation of the 1:1 adduct of PGE and EMI
To a stirred, refluxing solution of EMI (5.5 g, 0.05 mol) in toluene (50 cm^) was 
added, during the course of 1 hour, a solution of PGE (7.5 g, 0.05 mol) in toluene (25 
cm3). The mixture was refluxed for a further 2 hours. The product was precipitated and 
washed with several portions of 40-60 light petroleum ether, and dried in a vacuum 
oven at 40°C to yield 10.2 g (78 %) of a dark yellow liquid. TLC analysis revealed 
that this product contained some 2:1 adduct and traces of 3:1 adduct and starting 
materials. The adduct was purified by column chromatography using a silica stationary 
phase and 4:1 chloroform-methanol as eluent (analysis by TLC using the same eluent 
revealed a single spot, Rf = 0.6, at 254 nm). After elution, the solvent was removed on
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a rotary evaporator and the product was dried in a vacuum dryer at 40°C to give a 
viscous yellow liquid. After characterization by NMR and UV spectra, a larger 
scale synthesis was carried out and the product was identified by the same method. 
About 300 g of the desired 1:1 adduct was prepared.
3.2.2 Preparation of the 2:1 adduct of PGE and EMI
To a stirred, refluxing solution of EMI (5.5 g, 0.05 mol) in toluene (50 cm^) was 
added, during the course of 2 hours, a solution of PGE (15 g, 0.1 mol) in toluene (25 
cm3). The mixture was refluxed for a further hour, then decolourized using charcoal 
and allowed to cool to room temperature. The product was precipitated and washed 
with several portions of 40-60 light petroleum ether, and dried in a vacuum oven at 
40°C to yield 16.1 g (78 %) of a light brown liquid. The adduct was purified by 
column chromatography using a silica stationary phase and 4:1 chloroform-methanol 
as eluent (analysis by TLC using 4.5:1 chloroform-methanol eluent revealed a single 
spot, Rf = 0.85, at 254 nm). After elution, the solvent was removed on a rotary 
evaporator and the product was dried using a drying pistol at 40 °C under vacuum to 
give a viscous dark yellow liquid. The final product was characterized by NMR and 
UV spectroscopy. The preparation was subsequently carried out on a larger scale and 
finally about 2 0 0  g of the desired 2 : 1  product was obtained and identified.
3.2.3 Preparation of the Copper complexes of the adducts
The metal complexes were all prepared using the same basic method as the complex of 
Copper(II) chloride and the 1:1 adduct. To a solution of CUCI2 .2 H2 O (0.85 g, 0.005 
mol in 15 cm^ methanol) was added a solution of the 1:1 adduct of PGE and EMI 
(4.65 g, 0.04 mol in 20 cm^ methanol) to give a dark green solution. The mixture was 
heated gently, with stirring, for ca. 1 hour. The volume of the solution was reduced to 
about 15 cm^ on a rotary evaporator. A viscous green complex was precipitated from
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solution by the addition of diethyl ether and then washed thoroughly with further 
portions of the same solvent. The complex was dried under vacuum at 40°C to yield 
3.87 g (70 %) of the product as a brittle green glass with a melting point of 73-76 °C. 
About 200 g of both the 1:1 and 2:1 Copper complexes were prepared.
3.2.4 Formation of epoxy resin compositions
Formulations of 5 % (by weight) of the 1:1 adduct of PGE and EMI and 5.6 % (by 
weight) of its copper complex (which are both in molar equivalence to the adduct) in 
MY750 and MY720 were made respectively. The adducts were dispersed directly in 
the resins, while the complexes were dissolved in acetone or dichloromethane prior to 
mixing (the solvent was removed under vacuum at room temperature until no traces of 
solvent could be found by FTIR). The sample preparations were carried out at room 
temperature as soon as possible to minimise the cure taking place before the 
measurements.
3.2.5 NMR measurements
Normal measurements were carried out in CDCI3 at 25°C and for high temperature 
measurements were made in DMSO-d^ at a range of temperatures controlled by a 
variable temperature controller (Bruker B-VT 1000 variable temperature unit). A 
minimum of 64 scans were collected for each spectrum to ensure the accuracy of the 
signal intensities. ^^ N spectra were obtained in acetone at 25°C on the same instrument 
operating at 30.4 MHz. A paramagnetic agent, Chromium(II) acetylacetonate, was 
present at a concentration of 0.05 M in order to suppress the Nuclear Overhauser 
effect and nitromethane was used as an external standard.
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3.2.6 Viscosity measurements
Viscometric measurements were made using a Brookfield RVTD113 viscometer 
(using a RV7 spindle) operating at a fixed shear rate of 64Hz and at ambient 
temperatures (20±5 °C) over a period of three months.
3.2.7 Measurements made in the controlled curing process
FTIR measurements
MY750/Cu(PGE-EMI)4Cl2 (5.6% by weight) samples were heated for 5 minutes in a 
thermostatted oil bath at both 120°C and 140°C. Soon after, the reaction was quickly 
quenched by cooling to room temperature and small amounts of sample were 
transferred to KBr plates and scanned at room temperature. A minimum of 24 scans 
were collected at a resolution of 2  cm*^  for each spectrum.
NMR measurements
A MY750/Cu(PGE-EMI)4Cl2 (5.6% by weight) sample ( ~ 2  g) was heated in a 
thermostatted oil bath at 140°C and the samples taken and quenched at intervals of 5, 
10,15, 20, 40 and 80 minutes. Samples were dissolved in DMSO-dg prior to analysis.
3.3 Results and discussion
3.3.1 Characterisation of the adducts and complexes
3.3.1.1 Proton (1H)NMR spectra of the 1:1 and 2:1 adducts
The adduct formation is thought to progress as shown in Scheme 3.1. Figure 3.1 a and 
Figure 3.2 a show the NMR spectra of the 1:1 and 2:1 adduct of PGE and EMI. 
Proton designations for the 1:1 adduct are: (300 MHz, CDCI3 , ppm from TMS)
56
1.21-1.26 (3H, t, J=  7.5 Hz, 2.12-2.19 (3H, d, / =  20 Hz, H J, 2.64-2.66 (2H, q, J  
= 3.6 Hz, Hb), 3.89-4.09 (5H, c.m., H^ ^g), 6.59 (IH, s, H<j), 6.66-7.01 (2H, c.m., Hhj) 
7.26-7.32 (IH, d, / =  8.4 Hz, Hj). Proton designations for the 2:1 adduct are: 5^ (300 
MHz, CDCI3 , ppm from TMS) 1.20-1.28 (3H, t, J=  7.7 Hz, H J, 2.12-2.18 (3H, d,
17.9 Hz, H J , 2.63-2.67 (2H, q, J=  5.5 Hz, Hy), 3.45-4.17 (5H, c.m., H^ fg), 6.58 (IH, 
d, Hj), 6.66-6.98 (2H, c.m., Hbj), 7.24-7.32 (IH, â , J=  8 . 6  Hz, H;).
0
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Scheme 3.1
Table 3.1 Changes in relative intensities of the adducts
R ( A B  8 )2 7 0 /2 1 9 R ( A B 8 )2 7 7 /2 1 9
PGE 0.227 0.185
1 : 1  adduct 0.117 0.098
2 : 1  adduct 0.149 0 . 1 2 2
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5 4
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Figure 3.1 NMR of (a) 1:1 adduct of PGE and EMI and (b) its CuClg complex
Designations refer to Scheme 3.1
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Figure 3.2 NMR of (a) 2:1 adduct of PGE and EMI and (b) its CUCI2  complex
Designations refer to Scheme 3 . 1
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Figure 3.3 UV spectra of PGE (a), 1:1 (b) and 2:1 (c) adduct of PGE and EMI 
' using ethanol as solvent, 25°C
3.3.1.2 UV spectra of the 1:1 and 2:1 adducts
Although there are no changes in the degree of conjugation as a result of the adduct 
formation reactions, the changes in relative intensities of absorbance can be used as an 
indication of the adduct formation. Figure 3.3 shows the UV spectra of the 1:1 (b) and 
2:1 (c) adducts and PGE (a). Both PGE and EMI have absorptions in the 200-240 nm 
range. The absorbance of PGE and the adducts between 250 and 290 nm is used as a 
reference, as EMI has no absorption in this region (Figure 3.4). There is a marked 
increase in the intensity between 200 and 240 nm for the adducts resulting from the
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overlapping of the PGE and EMI (Table 3.1). The order of these values is in 
accordance with the phenyl ring content of the molecule: PGE >2:1 adduct >1:1 
adduct.
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- 0.1
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nm
Figure 3.4 UV spectrum of EMI using ethanol as solvent at 25°C 
3.3.1.3 Mechanism of the adduct formation
Extensive work has been carried out to study the mechanism of the imidazole/epoxy 
reaction. The first study of the mechanism of epoxy resin cure by imidazoles was 
conducted by Farkas and Strohml^®] in 1968. They used an infra-red 
spectrophotometric method to study the reactions between EMI and PGE and found 
that the rate of the reaction of the epoxide group with EMI was faster than the rate of 
polymerization. This indicated that the imidazole becomes permanently attached to the 
polymer chain, and the study concluded that the initial step of the reaction of the
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imidazole with the epoxide was the attack of the secondary, pyrrole-type nitrogen on 
the epoxide group to form a 1:1 adduct (Scheme 3.2).
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O H
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Scheme 3.2
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Scheme 3.3
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This indicated that the true catalyst for the polymerization was the tertiary-type 
nitrogen, an interpretation supported by Dearlove's observation^^ that 1- 
methylimidazole in which the secondary nitrogen atom is blocked, was also an 
effective epoxy curing agent. According to Farkas and Strohm, the second step of the 
reaction was the attack of the tertiary nitrogen on the epoxide group to give an ionic 
intermediate, the 2:1 adduct (Scheme 3.3).
The 2:1 adduct is stabilised through resonance because both nitrogen atoms are 
equivalent, that is, they share the positive charge equally (Scheme 3.3). The alkoxide 
thus formed is then capable of attacking another epoxide group, causing 
polymerisation to occur. Farkas and Strohm proposed that as the chain grew in length 
the alkoxide ion that was formed with each extension was stabilised by a bending of 
the chain so that the negatively charged alkoxide ion remained in close proximity to 
the positively charged nitrogen.
The mechanism proposed by Farkas and Strohm was not revised until 1975, when 
Barton and Shepherdl^^] showed, using a differential scanning calorimetric method, 
that the original imidazole (EMI) and the 1:1 adduct of this imidazole and PGE 
exhibited the same rates in their reaction with epoxide. This indicated that the same 
functionality, the tertiary nitrogen, was the reactive centre in each case. They also 
noted that the rate of the adduct formation was higher than the rate of subsequent 
polyéthérification. This led them to conclude that the imidazole was an early 
participant in the curing process and as a result became permanently attached to the 
polymer chain.
DearloveH^] examined the reactivities of the ring nitrogens of imidazole, pyridine, and 
pyrrole with epoxy resins and found them to be different. Pyrrole showed virtually no
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reactivity as a curing agent, 'whilst pyridine did, although to a lesser degree than 
imidazole. The lack of reactivity of pyrrole was attributed to its ring structure wherein 
the pair of electrons on the nitrogen are delocalized into the ring and are not readily 
available to enter into reaction. The reactivity of pyridine as an epoxy curing agent 
was attributed to the fact that the electron pair on its nitrogen is not delocalized into 
the ring to a great extent, but rather is available for attack on the epoxide. This 
evidence also suggests that it is the tertiary, pyridine-type nitrogen in imidazole which 
is the attacking entity in epoxy resin cure.
Barton[i3] suggested that the growth of the zwitterion from the 2 : 1  adduct would be 
limited because of the distance between the charges, and that another probable 
propagation step is that proposed by Shechter and Wynstral^^] for tertiary amine 
catalysis in which the gegenion is converted into a spatially separated ion pair by 
reaction with hydroxyl groups, and the ion pair then propagates by reaction with 
epoxide:
©© ©R'sN-CHgCHR + R"-OH ------- ► R'^N-CHgCHR + R"-0
OP 0  OH
R"-0® + HjC-CHR  ► R'-OCHjCHR
0 0
Barton's proposed mechanism for initiation and propagation of polymerisation in the 
cure of epoxide by EMI is as follows:
CHj
+ H^C-CHR -----------^  :N N-CH^CHR
Co I '
©
RCHCHf^N + ^ 9  9  HR ► RCHCHg N ^ .N -C H 2 Ç H R
< ^ v  i.H Y ,  I .
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However, Poncipet^] suggested that there are two distinct isomers of the 1:1 adduct 
generated from adduct formation between PGE and EMI, because the imidazole ring 
proton chemical shift appears as two peaks, ô =6.50 and 6.61 ppm, as does the 4- 
methyl-proton's chemical shift, 6  =2.09 and 2.20 ppm.
^ __ ^^^3
OCH^hCH;-N N
CH3
OH C2 H5
N. .N-CH2 ÇHCH2 O
OH
(a) (b)
This raises the question - are there two possible isomers and mechanisms in the 
reaction of adduct formation? NMR measurements were found to be useful in 
providing ftirther evidence.
With a modem Fourier transform (FT) high resolution NMR spectrometer, the 
signal can be detected at natural-abundance levels in the compound. It is very easy to 
characterise nitrogens in an imidazole ring because there are two distinct types, 
"pyrrole-like" and "pyridine-like". The unshared pair on the pyrrole-like nitrogen is 
incorporated into the n system because of the requirement of (4n+2) electrons for 
aromaticity, hence its nitrogen NMR behaviour is like that of aniline. By contrast, the 
lone pair on the pyridine-like nitrogen is orthogonal to the n system. The additional n- 
7T* state contributed by this orbital leads to additional deshieldingC^^l, and thus these 
types of nitrogen are deshielded considerably more than are the pyrrole-like nitrogens:
pyrrole-like pyridine-like
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Not surprisingly, the ^^ N NMR spectrum of EMI (Figure 3.5 a) gives sharp signals 
close together with chemical shifts of ô = -165 and -176 ppm (referenced to 
nitromethane as an external standard) rather than the widely separated chemical shifts 
as the normal pyrrole and pyridine nitrogens. The presence of chemical shifts at values 
between those of normal pyrrole and pyridine nitrogen indicate that as in other N- 
unsubstituted imidazolesD^d?]^ the hydrogen atom on the nitrogen atom in the 
imidazole ring is mobile between the two nitrogens so that the two nitrogen atoms are 
nearly equivalent. The small difference in the two chemical shifts is caused by the 
asymmetric position of the methyl group rather than by the n-Ti* state contribution.
The position of the two chemical shifts is between (about a mean value) those of the 
real pyridine-like and pyrrole-like nitrogens which can be observed in the 1 : 1  adduct 
which is A-substituted giving two distinguishable nitrogens (Figure 3.5 b, -  -140 ppm 
and -220 ppm). This suggests that each nitrogen atom is neither wholly pyridine-like 
nor pyrrole-like, both of them have the same nature, that is 'mixed' character of 
pyridine and pyrrole-like nitrogens. Hence, they all have an opportunity to react with 
epoxide to give two 1:1 isomers. Consequently, there are four chemical shifts observed 
in the ^^ N NMR spectrum of the 1:1 adduct of PGE and EMI (Figure 3.5 b). Two 
peaks are found at lower field (ô = -136 and -143 ppm with respect to nitromethane) 
for the pyridine-like nitrogen while two peaks are found at higher field ( ô = -214 and - 
218 ppm relative to external nitromethane). Thus the evidence is that two isomers of 
the 1 : 1  adduct are formed from:
CH3 /CH^
C2 H5 C2 H5
(a) (b)
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Figure 3.5 NMR spectra of EMI (a) and the 1:1 adduct (b)
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The intensity ratio (a/b) of the 1:1 adduct isomers is about 5/2. While the reaction can 
occur at both nitrogen positions because of the mobility of the A^-hydrogen, isomer (a) 
is more favourable due to the lower steric hindrance affected by the methyl 
substituent. In an unpurified 1:1 adduct sample, four small signals of the 2:1 adduct 
are observed in the spectrum (Figure 3.6), where the pyridine-like peak is at ô = - 
131 ppm (another peak has a poor signal-noise ratio) and the pyrrole-like peaks are at 
Ô = -216 and - 2 2 0  ppm indicating there are two 2 : 1  isomers.
I I I I I I I I ' I   1 --------- 1-------------1-------------- 1-------------- I-------------1-------------- 1
-100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240 -250
PPM
Figure 3.6 NMR spectrum of the 1:1 adduct with some observed 2:1 impurities
Cl
1:1',
" C u
..... .
1 ; i ^  ^ 1 : 1
HjC
) = \  ? "
1 : 1  = C% CH-CH 2
CnH•X  '5
Cl
Figure 3.7 Tetragonally-distorted octahedral structure of Cu(PGE-EMI)4 Cl-
68
3.3.1.4 IH NMR spectra of the copper-adduct complexes
Elemental analyses and gravimetric analyses (found %C, 60.99; %H, 6.71; %N, 9.38 
Cu, 5.57%. calculated for CgoHgoNgCljCu: %C, 61.28; %H, 6.87; %N, 9.53; %Cu, 5.4) 
indicated that four adducts coordinated with copper to form a complex of Cu(l: 1 )4 0 1 3 . 
The results from the diffuse reflectance spectrum of the complex are typical of a 
copper ion in a tetragonally-distorted octahedral environment, in which the 1 : 1  adduct 
ligands lie on the x-y plane with the anion above and below (Figure 3.7)1 ]^ as has 
been found with Cu(4 -methylimidazole)4 (NOg)2 [^ ]^ and also with 
Cu(imidazole)4 Cl2 [^ ]^ and Cu(imidazole)4 (N0 3 )2 p ^ l The data showed a rather weak 
crystal field, probably caused by the bulkiness of the 1 : 1  adduct.
The NMR spectra of the complexes exhibit marked differences over those of the 
parent adducts in two respects (Figure 3.1 a and Figure 3.2 a). Firstly, in all cases, the 
coordination with the copper(II) salt produced a broadening of the signals as a result of 
the paramagnetic effect of copper(II). Secondly, upon coordination, the formation of a 
dative covalent bond between the lone pair on the pyridinyl nitrogen atom and the 
vacant d?sp^ hybrid orbital on the copper atom results in a deshielding effect as the 
electron density is drawn away from the ring. The net result of this effect is to shift the 
protons on the imidazole ring downfield and results in them overlapping with the 
phenyl and ether protons. Owing to this behaviour, a variable temperature proton 
NMR method was applied to determine the thermal stability of the complex in DMSO. 
Iff NMR spectra were recorded at progressively higher temperatures. Initially the 
spectrum obtained at room temperature (Figure 3.8) displayed poor resolution and a 
downfield shift of the imidazole ring protons due to the coordination of the 
paramagnetic Cu(II) which is the same as in Figure 3.1 a and Figure 3.2 a. With the 
increasing temperature, the resolution improved and the signals became sharper. At 
temperatures above 120°C, the signals were identical with those for the parent 1:1
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adduct. This is an indication that at this temperature, the complex has decomposed to 
adduct and free metal ion. After two days at room temperature this thermally 
dissociated solution exhibited the same NMR spectrum as the complex indicating 
that re-association had occurred. This was accompanied by a change in colour from 
brown (the decomposed state) to green (the coordinated). This suggests that between 
120°C and room temperature, there is an equilibrium of the kind:
CH3
O C H 2ÇH CH 2- N  N
C2 H5
tJ
CUCI2 ~  *- 4  O j ^ C H j C H C H j - N  N + CuCI;
Roomtenperature >120“C
A ^C uC l^  < >4 A + C u C l 2
A represents the 1:1 adduct. The equilibrium constant is given by
%  = [ A f [ C u C l 2 ] /[A ^ C u C l 2 ]
When the temperature increases, the equilibrium constant increases. There are two 
extreme conditions: when T = 25°C (room temperature) the equilibrium is dominated 
by association so [A] 0, [CUCI2 ] 0, consequently K2 5  0; when T = 120°C,
dissociation dominates the equilibrium so [A4 CUCI2 ] « 0, and K j2 o « + co. When used 
as an epoxy resin curing agent, the complex may be stable at ambient temperature and 
effective at elevated temperatures. As a result, there would be an induction period as 
found in Poncipe's workt^] before it is fully dissociated at 120°C.
Unfortunately, the ^^ N NMR signals that would yield very valuable information about 
the nature of the complexes were invisible, probably because the paramagnetic effect 
of the copper(II) was too strong. Furthermore, it was not possible to produce pure 
crystals of the complexes to allow a crystal determination using single-crystal X-ray
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diffraction techniques. As a result, the exact geometry of the metal complexes remains 
unsolved, although earlier work by Poncipei^l using diffuse reflectance spectroscopy 
on the complexes as powders indicated that they exist in octahedral form.
0123456789
PPM
Figure 3.8 Proton NMR of the complex at 25°C (—)and 120°C (—) in DMSO 
3.3.2 Storage Stability and Controllability 
3.3.2.1 Ambient Storage Stability
The change in viscosity of a resin during storage is an important parameter from both a 
practical and a theoretical viewpoint. An increase in viscosity indicates early reaction 
leading to an increase in the molecular chain length of the polymer in the stored 
mixture. The advantage of the use of the viscosity method over other methods such as 
DSC is that it can directly provide the exact length of pot life when the viscosity 
reaches the point at which the resin is too viscous to be processed. The shelf life is
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usually defined as the time taken for the viscosity to reach a value at Avhich the resin is 
no longer useful.
Table 3.2 Viscosity measurements during the storage at ambient temperature
Time (hours) V iscosity  (ops)
M Y 720/1:1 M Y 720/com plex M Y 750/1:1 M Y750/Gom piex
0 1 2 0 0 0
0 .1 7 8 0 0 0 0 0 1 6 4 8 0 1 6 3 6 0
0 .3 3 1 6 0 0 0 0 0
0 .5 2 4 2 0 0
1 4 8 8 0 0 0
1 .7 3 2 6 8 0
2 2 1 2 8 0
2 .5 7 8 4 0 0 0
3 .5 2 0 6 8 0 0 0
4 3 6 6 4 0
6 .5 7 0 4 0 0 0
1 3 .5 6 5 8 4 0
17 3 7 6 0 0
18 5 0 0 0 0 0 0
2 0 5 7 8 4 0
21 1 2 6 4 0 0 0
25 8 0 0 0 0 0 0 3 3 0 8 0
3 9 1 7 4 6 0 0
4 2 6 0 8 8 0
4 6 2 4 2 4 0 0 0
6 4 1 1 4 0 0 0
6 6 6 1 6 8 0
7 0 2 9 5 6 0 0 0
9 4 1 6 8 6 0 0
97 6 0 3 2 0
1 1 4 1 6 5 8 0 0
11 7 7 9 6 0 0
121 3 7 6 0 0 0 0
15 9 1 6 7 2 0 0
1 6 0 3 4 2 0 0 0
16 3 3 8 4 4 0 0 0
1 9 0 2 7 1 2 0 0
19 2 2 3 5 2 0 0
19 5 4 8 6 4 0 0 0
2 1 2 2 3 6 8 0 0
2 1 9 8 0 0 0 0 0 0
2 3 6 3 8 4 0 0 0
2 5 4 4 4 1 6 0 0
2 8 5 9 6 3 2 0 0
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2 8 8 6 1 6 8 0 0
3 3 3 1 4 3 3 6 0 0
3 7 8 6 0 6 4 0 0
381 2 1 4 0 0 0 0
4 2 9 3 6 8 0 0 0 0
4 3 2 8 0 0 0 0 0 0
4 5 0 5 6 0 8 0 0
5 0 2 6 2 5 6 0 0
5 4 3 6 2 8 0 0 0
5 7 6 1 0 2 4 0 0 0
5 9 8 1 5 0 4 0 0 0
6 5 4 1 1 1 3 6 0 0
6 7 0 1 0 2 5 6 0 0
7 1 8 6 7 9 2 0 0
7 6 5 7 1 6 0 0 0
8 4 4 1 8 0 0 0 0 0
8 6 8 1 8 0 4 0 0 0
8 8 5 1 0 2 4 0 0 0
9 1 4 1 0 7 2 0 0 0
9 3 9 1 0 0 6 4 0 0
981 1 0 8 8 0 0 0
1011 1 0 8 9 6 0 0
1 0 3 7 8 6 0 8 0 0
1 0 5 6 1 0 7 8 4 0 0
1 0 8 0 6 5 3 6 0 0
8 0 0 0 0 0 0
7 0 0 0 0 0 0
6 0 0 0 0 0 0
g. 500 0 0 0 0
è  4 0 0 0 0 0 0
o
to 3 0 0 0 0 0 0
>
2000000
a A # -1000000
50 0  1000  1500  2 0 0 0  2 5 0 0  3 0 0 0
S to ra g e  tim e/h ou rs
Figure 3.9 Viscosity of MY750/(PGE-EMI) (■) and MY750/Cu(PGE-EMI)4Cl2 
(•) during ageing at room temperature
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Figure 3.10 Viscosity of MY720/(PGE-EMI) (■) and MY720/Cu(PGE-EMI)4Cl2 (•)
during ageing at room temperature
The observed changes in viscosity as a result of the cure of the MY750/Cu(PGE- 
EMI)4 Cl2 , MY750/(PGE-EMI), MY720/Cu(PGE-EMI)4Cl2 and MY720/(PGE-EMI) 
resin mixtures at ambient temperature against storage time are given in Table 3.2, and 
plotted in Figures 3.9 and 3.10 respectively. It is evident that after a period of 2600 
hours at ambient temperature (which varied between ca. 16.5°C and 24°C during the 
time scale of the storage - accounting for the scatter in the data observed in Figure 
3.9) the viscosity of the MY750/Cu(PGE-EMI)4Cl2 mixture {ca. 3 x 1 0 ^  cps) is still 
well within the measurable range ( 8  x 1 0  ^ cps) of the instrument, while the 
corresponding MY75 OZ(PGE-EMI) mixture is too viscous to be measured at ambient 
temperature {ca. 8  x 10  ^ cps) after only 430 hours. The shelf-life of the metal- 
imidazole complex-epoxy resin mixture is at least 6  times longer than that of its parent 
imidazole epoxy resin mixture. This is in good agreement with Barton's result using 
the DSC technique, in which he found that the same complex formulation showed a
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slower increase in (glass transition temperature) and a slower decrease in cure onset 
temperature when plotted against storage timeC^ o].
In the case of the MY720 mixtures, because of the high functionality of the resin, the 
curing reaction is faster than for MY750. The viscosities of MY720/(PGE-EMI) and 
MY720/Cu(PGE-EMI)4Cl2 increased to the maximum measurable value in 25 hours 
and 219 hours respectively. However, by comparison with the MY720/(PGE-EMI) 
mixture, the shelf-life of the metal modified mixture MY720/Cu(PGE-EMI)4Cl2 is at 
least 8  times longer.
3.3.2.2 Controlled Cure of Epoxy/Complex Mixtures
3.3.2.2.1 FTIRdata
MY750/Cu(PGE-EMI)4Cl2 (5.6% by weight) samples were heated for 5 minutes in a 
thermostatted oil bath at both 120°C and 140°C. Soon after, the reaction was quickly 
quenched by cooling to room temperature and small amounts of sample were 
transferred to KBr plates and scanned at room temperature. The measurements were 
obtained by using a programmed routine ("SCANTIME") using 20 minute intervals. 
The absorbance of the oxirane ring breathing vibration at 916 cm"l (A9 1 5 ) was 
monitored and the substituted aromatic ring skeletal stretch at 1608 cm"l (Ajgos) 
taken as an internal standard. The ratios of A(ç 1 5 /1 5 0 8 ) were obtained by a 
programmed routine ("AUTORATIO") and the change in the absorbance at 916 cm’  ^
was taken as an indication of the degree of cure. The results show (Table 3.3 and 
Figure 3.11) that A(9 1 5 /i5 Q8 ) decreased after being heated for 5 minutes at the curing 
temperature, but that almost no ftirther cure occurred for about three hours thereafter. 
This suggests that the reaction mixture was stable after the cure was arrested by 
quenching.
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Table 3.3 FTIR data after the initial cure at high temperatures
Time(min) a  (fractional conversion) 
140°C  120°C
0 0 .8 0 .8
5 0 .6 9 8 0 .7 7 1
2 0 0 .7 0 1 0 .7 7 1
4 0 0 .7 0 1 0 .7 7 2
6 0 0 .7 0 1 0 .7 7 1
8 0 0 .7 0 1 0 .7 7 2
1 0 0 0 .7 0 .7 7 1
1 2 0 0 .7 0 1 0 .7 7 1
1 4 0 0 .7 0 1 0 .7 7 1
1 6 0 0 .7 0 1 0 .7 7 1
(O 0 .7 4
<  0 .72
100
Time/min
Figure 3.11 FTIR absorbance ratio of the MY750/Cu(PGE-EMI)4Cl2 samples 
after 5 minutes at initial cure temperature (—) 120°C and (—) 140°C 
(quenched and scanned thereafter at 2 0  minute intervals at room temperature)
3.3.2.2.2 IH NMR data
A further investigation into the stability of partially-cured samples (containing 5.6% 
by weight of MY750/Cu(PGE-EMI)4Cl2) at different fractional conversions was 
carried out using NMR spectroscopy. In each case, the reaction mixture was heated
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in a thermostatted oil bath at 140°C and the samples taken and quenched at intervals of 
5, 10, 15, 20, 40 and 80 minutes. Samples were dissolved in DMSO-dg. The fractional 
conversion (a) of the samples was determined by examining the integral of the 
epoxide -CH2 - protons at 2.82 and 2.87 ppm (and ratioing them against the aromatic 
proton shifts at 6 . 8  and 7.1 ppm as internal standards). After quenching, no significant 
change in conversion was observed up to 6  hours (any further cure is too small to be 
measured) and the data (Figure 3.12) are in agreement with the FT-IR measurements 
made under different conditions.
Table 3.4 NMR measurements on cured samples.
Curing time 
(minutes)
I [E] a r [E]' a"
0 0 .4 2 7 8 1 0
5 0 .4 1 4 4 0 .9 6 8 6 7 7 0 .0 3 1 3 2 3 0 .4 1 7 6 0 .9 7 6 1 5 7 0 .0 2 3 8 4 3
10 0 .3 9 9 9 0 .9 3 4 7 8 3 0 .0 6 5 2 1 7 0 .3 9 4 4 0 .9 2 1 9 2 6 0 .0 7 8 0 7 4
15 0 .3 7 9 5 0 .8 8 7 0 9 7 0 .1 1 2 9 0 3 0 .3 7 5 4 0 .8 7 7 5 1 3 0 .1 2 2 4 8 7
2 0 0 .3 5 7 8 0 .8 3 6 3 7 2 0 .1 6 3 6 2 8 0 .3 5 8 9 0 .8 3 8 9 4 3 0 .1 6 1 0 5 7
4 0 0 .3 4 5 1 0 .8 0 6 6 8 5 0 .1 9 3 3 1 5 0 .3 3 7 7 0 .7 8 9 3 8 8 0 .2 1 0 6 1 2
8 0 0 .2 8 6 1 0 .6 6 8 7 7 0 .3 3 1 2 3 0 .2 9 4 3 0 .6 8 7 9 3 8 0 .3 1 2 0 6 2
* I is the integral ratio o f the protons on the epoxide group and phenyl group; [E] is the concentration 
o f the epoxide group, [E] = I/Iq; a  is the fractional conversion. I', [E]' and a' are values after 6 hours.
The possible re-association between copper(II) and terminal imidazole groups which 
are permanently attached on the extended molecular chains has been discussed^!. 
Evidence for the existence of an equilibrium between the adduct and complex (in 
DMSO solution) was put forward on the basis of NMR dataPi], and was confirmed 
by the solution regaining a green colouration (after having become amber at a 
temperature of ca. 120°C). The NMR data suggested that re-association had 
occurred. The ability of the complex to re-associate may contribute a great deal to the 
stability of the quenched mixture and hence provide good processability. On the other 
hand, the interaction between imidazole and copper(II) in the epoxy resin system can
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reduce the rate of cure and can therefore provide an increased processing window. In 
the investigations of the epoxy/complex mixtures the green colouration was also 
recovered to some degree at room temperature depending on the cure temperature and 
the degree of cure. Of course this re-association is more difficult to achieve in the 
epoxy/complex system than in solvent because the imidazole 'ligand' is incorporated 
into the epoxy chain and the mixture becomes very viscous after the cure commences. 
The higher the cure temperature and the degree of cure, the more difficult is the re­
association. At present the exact mechanism by which the reaction is quenched is 
unclear, although re-association is a distinct possibility. The possibility of association 
with the alkoxide (RO') groups formed during the reaction can not be discounted at 
this stage.
c0
1co
Ü
Reaction time/min
Figure 3.12 Fractional conversion of the MY750/Cu(PGE-EMl)4Cl2 formulation 
directly after quench (□) and again after 6  hours at room temperature (■)
In conclusion, the metal-imidazole complex curing agents presented here are excellent 
latent curing agents with fine ambient temperature storage stability and good solubility
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in commercial epoxy resins and common organic solvents. The complexation of a 
transition metal (in this case copper) effectively arrests the polyéthérification reaction 
at ambient temperature until the temperature is elevated to effect cure. A further 
advantage over existing imidazole curing agents is the efficiency of complexation. 
After a period of time at the curing temperature (for example 120°C or 140°C) the 
epoxy/complex mixture may be quenched at room temperature with little further 
advancement in cure. This development makes the tailoring of a commercial epoxy 
possible, thus facilitating more complex cure schedules in a more controllable manner.
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4.1 Introduction
The period 1950-70 saw considerable improvements being achieved both in our 
fundamental understanding and commercialisation of epoxy resins. During the 1980's, 
most of the work in the area of epoxy resin chemistry has been concerned with new 
types of curing agents and the mechanisms of the curing reactions. However, the latter 
is still far from fully understood, since the reactions are very complicated involving 
e.g. adduct formation, éthérification, hydroxyl propagation and even decomposition. 
These reactions can lead to many different network formations e.g., cluster expansion 
or linear elongation and intra- or inter-molecular cyclization. During the course of the 
cure, the resin changes from a liquid state, to a rubbery gel and finally to a rigid glassy 
state. Because of these physical changes, which are accompanied by increases in the 
molecular weight, the reactions are increasingly difficult to monitor quantitatively. In 
many cases, mono-functional compounds such as phenylglycidylether (PGE) may be 
used to model the kinetics of the epoxy cure. Reactions are usually investigated in the 
presence of solvent and often under conditions where the reactant concentrations are 
low so that a range of experimental methods can be employed to follow the kinetics. 
With the increasing interest in being able to model reactionstl], particularly those of an 
industrial nature, the presence of the solvent can be a complicating factor and 
extrapolation of the data to the 'real' conditions introduces an additional and 
unnecessary source of uncertainty. Therefore, studies on the kinetics and mechanisms 
of commercial crosslinking epoxy resin systems under 'real' condition are useful 
because they are important to the understanding of the structure-property relations and 
also quality control in whatever application may be necessary. Thanks to modem 
technology, and the availability of high resolution instmments and high performance 
computers many 'real time' or in situ kinetic aspects of the cure can be investigated. 
Thus FT-IR, FT-NIR, ESR, fluorescence spectroscopy, DETA, DMTA etc. can be
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used to follow the reactions quantitatively or at least monitor physical changes. 
Techniques for monitoring the cure have been reviewed in Chapter 1.
Many studies of the mechanism of the imidazole-epoxy cure reaction have been 
reported[2-5]. It has been concluded that the pyridine-type nitrogen atom is the reaction 
centre which reacts with the epoxide ring to form a 1 : 1  adduct, while the second 
nitrogen now reacts with another epoxide ring to form an ionic intermediate, a 2 : 1  
adduct which can induce further éthérification by nucleophilic alkoxide group attack 
on the epoxide ring. Consequently, the imidazole moiety becomes permanently 
attached to the polymer chain. The rate of adduct formation was found to be faster 
than the rate of polymerisationPl. BartonM using the differential scanning 
calorimetric (DSC) method found that the rate of the 2:1 adduct (PGE-EMI) formation 
was the same as the rate of 1 : 1  adduct formation suggesting the same functional type 
reaction was involved. In Chapter 3, the mechanism of the adduct formation was 
further investigated by NMR analysis; the results indicated that the formation of 
1 : 1  adduct isomers is due to the mobility of the hydrogen atom of the nitrogen atoms 
on the imidazole. A variable temperature NMR study on the thermal stability of the 
copper-imidazole complexes, gave results which showed that they are stable at room 
temperatures and can fully dissociate upon heating to 120°C to release imidazoles 
(Chapter 3). The association between metal and imidazole makes the complexes 
effective latent curing agents, providing a controllable curing process (Chapter 3). The 
aim of the present work is therefore to study the mechanism and the kinetics of the 
curing process when using the metal complexes as curing agents.
DSC thermal analysis was used to investigate curing reactions qualitatively; then 
starting with the presence of DMSO, a real time high temperature proton NMR 
method was established to quantitatively monitor the curing process. Finally a
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comprehensive kinetic study was made on the solvent-free curing process again using 
high temperature in-situ NMR and the results compared with those obtained using an 
FTIR method.
4.2 Experimental
The formulation of epoxy resin compositions is mentioned in Chapter 3 (3.2.4).
DSC measurements reported in this chapter were performed using a Du Pont 910 
calorimeter interfaced with a Du Pont 9900 computer/thermal analyser. Samples of ~ 8  
mg were accurately weighed into open, uncoated aluminium DSC pans. Routine DSC 
scans at 10 K mim^ were performed from 30 to 350°C to observe the thermal 
properties of each of the blends.
In-situ high temperature NMR kinetic measurements were made using a Bruker 
AC300 high field FT NMR spectrometer operating at 300.15 MHz with a variable 
temperature controller (Bruker B-VT 1000 variable temperature unit). The sample 
tube (containing bulk epoxy resin blend [100%] or its DMSO-dg solution [80-% by 
volume]), held by a ceramic NMR tube spinner, was loaded into the probe after the 
desired temperature had been reached. Measurements were then made at pre­
programmed time intervals using an automated routine with the spectrometer 
operating in the unlocked mode for solvent free samples and the free-induction decay 
(FID) signals saved. The ratio of the integrals of the epoxide methylene protons (the 
doublet at Ô « 1.56 ppm corresponding to Hj in Figure 4.8 and an internal standard, 
the methyl proton in the isopropylidene bridge (a singlet at 5 « 0 . 6  corresponding to 
H J, was determined and converted to epoxide concentration [E]. The ratio was 
referenced against that of the signals at the beginning Of the cure of the MY750 
prepolymer to provide a measure of conversion during the cure.
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[E]=/(Hd/H^//o; a = l - [ E ]  
where I  is the ratio of the integral of (epoxide) and (methyl group as
internal standard) signals, / q is the /  (Hj/HJ value at the beginning of the cure and is 
the fractional conversion of the epoxide.
In-situ FTIR kinetic measurements were made using a Perkin-Elmer 1750 FT-IR 
spectrometer interfaced with a Perkin-Elmer 7300 computer. The samples were 
presented as thin films (0.025 mm spacer) on NaCl plates in a thermostated cell 
holder. The measurements were made at pre-programmed time intervals using an 
automated routine (SCANTIME) and samples were scanned 24 times at a resolution of 
2 cm-i for each data point. The ratio of the peak heights (in absorbance) of the epoxide 
ring stretch (914 cm-^) and the C-C aromatic ring stretch (1605 cm-1) as an internal 
standard, was calculated and converted to epoxide ring concentration as follows:
[E] = (^ 914/1605 - ^ooVWo - ^ oo) 
where ^ 914/1005 is the ratio of the absorbance at 914 cm-  ^ (epoxide) and 1605 cm-  ^
(aromatic ring as internal standard), is the ^ 914/1605 value at the 'infinite' stage of
cure (assuming the conversion is 1 0 0 % at this stage) and^o is the ^ 914 /1605 value at the 
beginning of the cure.
4.3 Results and discussion
The kinetics and the mechanisms of the resin system were investigated in dynamic 
scan cure mode by DSC measurement and in isothermal cure mode by high 
temperature real time NMR; the latter results were compared with the in situ FTIR 
results. The work involved the development of high temperature in situ NMR 
technique using bulk resin samples.
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4.3.1 Dynamic cure analysed by DSC
A number of workers have published the results of thermal investigations of 
imidazole-curing of crosslinking epoxy resins. Heise and Martin carried outt ,^?] ^ DSC 
study of the behaviour of highly pure BADGE, when catalysed with a variety of 
imidazoles at different concentrations (0.5-100 mol % imidazole). They found that the 
thermal properties of the network were strongly dependent on the imidazole 
concentration. At high imidazole concentrations (>50 mol %), the adduct reaction 
consumed most of the epoxide groups to form adducts. As the imidazole concentration 
was decreased, the glass transition temperature {Tf) of the cured resin increased 
because fewer adducts were formed and more epoxide groups remained available for 
chain growth and crosslinking. In their DSC study the hydroxide-adduct reaction 
appeared at low imidazole concentrations as a shoulder on the main exotherm (and 
amounted to ca. 5% of the total heat of the curing reaction). ChangC l^ studied the 
dependence of the final on the thermal curing history of pure BADGE cured with 
EMI and found a dependence of Tg on the concentration of EMI. A level of 2-5 wt % 
EMI gave the highest final Tg. WuM studied the influence of post-curing and 
temperature effects on bulk density, glass transition and stress-strain behaviour of 
imidazole (EMI)-cured epoxy network using DSC water displacement and tensile 
testing. Tg was found to increase with increasing post-cure temperature.
In order to obtain the best crosslink density [&], 5 % by weight of the 1:1 adduct was 
applied in commercial epoxy systems MY750 and MY720 while the copper complex 
C u(l:l)4 Cl2 , 2 : 1  adduct and complex Cu(2 :l)^Cl2 were used in molar equivalence to 
the amount of the 1 : 1  adduct so that the molar concentrations of each curing agent in 
the resin are identical.
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Figures 4.1-4.4 show the DSC thermograms of each blend during the polymerisation. 
All the thermograms are complex, often displaying several exothermic peaks, so rather 
than attempting to quantify each transition, the enthalpy for the entire polymerisation 
range was calculated (Table 4.1).
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Table 4.1 Dynamic cure of epoxy resin blends from DSC measurements
Curing
agent T /C  T/°C T /C  T^/°C T /C
MY750
PGE-EMI 130 153 241 301 — 357
Cu(l:l)4Cb 160 197 258 307 — 428
2:1 adduct 150 175 246 319 — 375
Cu(2:l)4Cl2 160 178 250 310 — 355
Cu(2:l)4Cl2* 147 166 244 280 — 294
MY720
PGE-EMI 80 116 158 277 — 634
Cu(I:l)4Cb 130 163 231 277 — 612
2:1 adduct 85 115 163 239 285 548
Cu(2:l)4Cl2 125 160 183 2 2 2 280 564
All measurements were made on mixtures containing 5 wt% curing agent (except * containing 7.5 
wt%) using DSC at a heating rate o f 10 K/min under nitrogen. Tq, Onset temperature o f polymerisation 
exotherm; T ,^ «th peak maximum (i.e. Tÿ= lowest-temperature exothermic peak); AHq/J  g'h overall 
polymerisation enthalpy (J  g'  ^ o f epoxy monomer).
4.3.1.1 MY750 Formulations
Three distinct and resolved exothermic peaks are observed at 153, 240 and 301 °C in 
the MY750/1:! thermogram (Figure 4.1a). The first peak may be due to the adduct 
formation between the 1:1 adduct and the BADGE involving the nucleophilic attack 
by the pyridine-type nitrogen atom on the imidazole ring of the epoxy ring and then 
the hydrogen rearrangements (scheme 4.1). The adduct formed should have two 
resonance structures (I and II) because the positive charge on the imidazole ring is 
mobile, but is not symmetric. Obviously, structure (II) is more easy to carry out the
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éthérification polymerisation which is observed as a main exothermic peak at 240°C. 
The rate of adduct formation is faster than RO' propagation. The third peak is found at 
301 °C which is interpreted as hydroxyl propagation promoted by the high temperature 
to extend the crosslinking.
The curing behaviour of the complex mixture can be analysed by comparing the 
thermogram with that of the parent imidazole. Again three exothermic peaks can be 
observed at 192, 258 and 307°C corresponding to the adduct formation, éthérification 
and hydroxyl éthérification respectively (Figure 4.1b). It is noted that distinct changes 
are observed, as the onset of each exothermic peak occurs at progressively higher 
temperatures and the resolution between the peaks becomes poorer. This suggests that 
although the complex can be dissociated at temperatures above 120°C, there are still 
interactions between the metal and the adduct. Furthermore, free metal ions may also 
interact with ligands on epoxy resins and all of these effects would delay the reaction.
In the case of the 2:1 adduct and its complex (Figure 4.2 a & b) notable differences 
are found for the first step of the reaction. The first exothermic peak for the 2:1 adduct 
is delayed (176°C) and is less sharp by comparison with that of the 1:1 adduct. This 
may be because the reaction between the 2 : 1  adduct and epoxy resin is an 
éthérification which normally is slower than adduct formation. The higher molecular 
weight of the 2 : 1  adduct may also make the reaction slower than that of the 1 : 1  adduct. 
All the exothermic peaks of the 2:1 complex are very similar to that of the 2:1 adduct 
indicating that the existence of the metal has no strong impact on the curing reactions 
in this formulation. This suggests that the coordination of the 2:1 complex is rather 
weak because of the bulkiness of the 2:1 ligand. Therefore, the 2:1 adduct complex is 
more like 'slow' curing agents in action rather than 'latent' curing agents.
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Figure 4.1 DSC thermograms (scans at 10 K min-1 under nitrogen) for MY750
catalysed with 1:1 adduct (a) and Cu(l:l)^Cl2 (b)
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4.3.1.2 MY720 Formulations
Because of the multifunctionality of the MY720, the curing reactions are faster than 
for the corresponding MY750 blends. The adduct formation peak of the MY720/1:1 
blend appears at 116°C and the polymerisation follows quickly to give a heat flow 
peak at 158°C which is not resolvable from the adduct formation peak (Figure 4.3a). 
The hydroxyl propagation also appeared earlier (peak at 277°C) than in the MY750 
case. The thermogram of its complex blend (Figure 4.3b) shows the marked delay in 
the onset of cure (adduct formation peak appeared at 165°C) resulting from the 
interaction between copper and the imidazole.
For the 2:1 adduct and complex, an additional exothermic peak (Figure 4.4 a & b) is 
found in each case while only a small shoulder can be found in the case of 1 : 1  adduct 
and complex mixtures. This indicates that the curing process for the MY720 mixture is 
more complex than for the MY750 mixture; this may be due to the higher functionality 
and needs further investigation.
In all cases, the hydroxyl propagation occurred at about the same temperature (or even 
earlier in the case of 2 : 1  complex) for the complexes and the adducts, suggesting that 
the coordination interaction is reduced at this temperature or for this degree of cure. 
Further investigation needs to be carried out to determine whether there is any 
coordination in the cured resin at ambient temperature.
4.3.2 In-situ Solution NMR Kinetics
NMR spectroscopy, which is probably the most versatile of all the spectroscopic 
techniques, has been improved dramatically over the years. By improving the signal 
resolution, computer control and processing, variable temperature NMR spectroscopy 
can be used to study complex reaction mixtures and the dynamics of fast and slowly
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changing equilibria. As the area of a certain proton NMR signal is directly 
proportional to its concentration, it is possible to determine the degree of cure by using 
NMR to monitor the change in concentration of the reactive groups. NMR 
spectroscopic methods have been used as a 'wef analytical method to determine the 
reaction groups, structures and conformations of epoxy monomer and polymers, and 
molecular motion kinetics, mainly for model systems where cross-linking can be 
avoided. Although some interesting studiest^^di] have been carried out on crosslinking 
epoxies by ^H, and ^^ N NMR, no high temperature real time NMR kinetic 
measurements have been reported. The 'wef NMR analysis often suffers from poor 
reproducibility as many steps of sample treatment are involved for each data point, e.g. 
quenching, dissolving and transferring samples wherein uncertainties may be 
introduced. This is evidenced from the NMR results reported in Chapters 3 and 5.
In order to improve the reliability of the kinetic data, an in-situ proton NMR method 
has been developed. It is possible to carry out continuous NMR measurements on a 
sample undergoing curing reaction without any interruption, if the following 
requirement can be met: i) resolvable peak(s) undergoing reaction and reference 
peak(s) are available; ii) a temperature controller is available to allow isothermal cure 
in the probe; iii) the resolutions of the NMR spectra are good enough at the curing 
temperature to ensure quantifiable data; iv) if a solvent is used in the cure, it must be 
stable and not volatile at the curing temperature.
Firstly, the cure of MY750/Cu(l: 1 ) 4 0 1 2  in the presence of Dg-DMSO as solvent was 
studied to explore this possibility. Initial experiments were encouraging and showed 
that during the cure process, the proton signals of the species undergoing reaction were 
well resolved and that the changes in the intensities of these signals were clearly 
observed. The unreactive protons such as those in methyl and phenyl groups are also
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resolvable and would remain constant during the course of cure so that it would be 
possible to use them as internal standards. In this case the integral of the methyl 
protons was taken as a standard. A typical result shown in Figure 4.5 represents the 
stacked plot for the progressive cure of a sample of MY750/Cu(l : 1 ) ^ 0 1 2  (13 mol %) 
(80 v%) in Dg-DMSO (20 v%) solution at 150°C. The concentrations of methyl 
protons (a) and epoxide protons (c & d, see scheme 4.1) can be determined. The 
polymerisation reaction of the prepolymer resulted in the chemical shifts of the 
epoxide protons (c & d) shifting to lower field causing their signals at 2.76, 2.87 and 
3.34 ppm to decrease, while the unreactive methyl protons (a) remained constant both 
in chemical shift and intensity (hence this signal was used as a reference signal in a 
quantitative ratio analysis). The fractional conversion of the resin at each stage of the 
reaction was determined from the relative integrations of signals and against the 
initial (0% conversion) and infinity (100% apparent conversion) reference spectra. As 
the concentration of the oxirane ring group before the cure is 1 0 0 %, then the 
concentration of this group can be derived by:
[E L = -/^  = î ^  = l-5Ia/I,
^do/^aO
where [E]j is the concentration of the oxirane ring derived from H^, Ij and 1  ^ are the 
areas (integrals) of and signals respectively. I^ q and I^ o are the areas of and 
signals before the cure. The fractional conversion (a) can be expressed by:
a  = 1 - [E](j = 1 - 1 . 5  Ij/Ig 
Figure 4.6 depicts the fractional conversion of epoxy resin referenced to in this 
manner as a function of reaction time. Table 4.2 contains the ratios of Ij/I^ and 1^ /1^ , 
fractional conversion and ln[E] values derived. The rate constant of the cure reaction 
was derived from a linear regression analysis of the logarithm of the concentration of 
the oxirane ring [E] as a function of reaction time (Figure 4.7); the correlation
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coefficients are greater than 0.99. The result shows that as expected this is overall a 
first-order polymerisation reaction, kp = 4.03 10“^  s*^  (at 150°C). However, the adduct 
formation as the first step of cure observed in DSC measurements can not be 
quantified because the reaction was too fast.
The results shown above suggest that high temperature real time NMR kinetic method 
offers promise for monitoring epoxy cure in terms of good reproducibility and 
simplicity of operation.
Table 4.2 Kinetic data of MY750-Cu(PGE-EMI)4Cl2 in D^-DMSO cured at 150°C
Time Proton (c) Proton (d)
(min) Ag/Aa ln[E]e A/Aa «d ln[E]d
13 0.146 0.258 -0.29 0.301 0 . 2 2 2 -0.251
23 0 . 1 0 2 0.482 -0.658 0.208 0.462 -0.620
33 0.083 0.577 -0.860 0.167 0.569 -0.842
43 0.070 0.643 -1.030 0.136 0.648 -1.044
52 0.060 0.694 -1.184 0 . 1 1 2 0.711 -1.241
61 0.051 0.744 -1.362 0.090 0.766 -1.452
70 0.042 0.785 -1.537 0.074 0.808 -1.650
80 0.036 0.818 -1.704 0.059 0.848 -1.884
89 0.030 0.847 -1.877 0.043 0 . 8 8 8 -2.189
98 0.025 0.873 -2.064 0.034 0.911 -2.419
116 0.016 0.921 -2.538 0.016 0.960 -3.219
129 0 . 0 1 1 0.943 -2.865
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Figure 4.7 First order kinetics plot of MY750-Cu(PGE-EMI)4Cl2 in Dg-DMSO at
150°C (□) derived from Hj
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4.3.3 Kinetic Study on bulk epoxy cure by in-situ NMR and FTIR
With the increasing interest in modelling reactionsC^^], particularly those of an 
industrial nature, the presence of the solvent can be a complicating factor and 
extrapolation of the data to the 'real' conditions introduces an additional and 
unnecessary source of uncertainty. Therefore, studies on the kinetics and mechanisms 
of commercial crosslinking epoxy resin systems under 'real' conditions are very 
helpful. In this section, further kinetic investigations of the bulk cure of commercial 
epoxy resins with a copper-imidazole complex by means of high temperature NMR 
and FTIR has been carried out.
Further experimental results showed that the NMR resolution of the bulk (solvent free) 
epoxy oligomers can be greatly enhanced at elevated measuring temperatures. For an 
identical sample of MY750 mixture, proton NMR signals are not visible at room 
temperature, whilst they are detectable with very good resolution at high temperature 
(Figure 4.8). This may be attributed to the decrease in viscosity of the sample at 
elevated temperatures. However, when analysing a gelled sample at high temperature 
the proton NMR signals are still easily resolvable. In this case, the viscosity of the 
sample is much higher than an uncured epoxy resin at room temperature. The reason 
behind the effect of high temperature on the resolution of NMR spectra is still not 
fully understood.
The operation of the NMR spectrometer has been improved further by using a 
programme controlled process during which the measurements can be carried out 
automatically over a required time interval. The data treatment process has also been 
simplified by a programmed 'auto-ratio' analysis so that the concentration of a group 
can be obtained directly. A typical stacked plot of the NMR spectra of a 
MY750/Cu(PGE-EMI)4Cl2 sample collected during the course of cure at 163°C is
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shown in Figure 4.8. The sharp lines and good resolution of the signals make the 
calculation of epoxide concentration and of the extent of cure simple and 
straightforward. Again the concentration of the oxirane ring group can be derived by:
d^o/^ aO
where [E]  ^ is the concentration of the oxirane ring derived from Hj, and 1  ^are the 
areas (integrals) of the and signals respectively. I^ q and I^q are the areas ofH^ and 
Hg signals before the cure. The fractional conversion (a) can be expressed by:
a = 1 - [E]d
The results measured at 150°C are summarised in Table 4.3. When the logarithm of 
the epoxide concentration is plotted against time (Figure 4.9), the results show an 
initial fast reaction followed by the predominant but much slower reaction.
It has already been confirmed by DSC thermal analysis in sections 3.3.1.4 and 4.3.1.1 
that metal-imidazoles are decomposed at elevated temperatures; the free 1 : 1  adduct of 
PGE and EMI then attacks the epoxide group to form a 1:1 adduct of PGE-EMI and
BADGE - this adduct has a nucleophilic alkoxide to induce the éthérification (scheme
4.1). This process can be summarised by the following scheme:
A^CuClg 4A + CuC^
A + E —^  AE
AE + E —^  AEE
ARE + E —^  AEEE
AE...E , + E —^  AEEE
n-l  n
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Table 4.3 Epoxide concentrations derived from ^HNMR measurements during the 
course of isothermal cure at 150°C
Time Id/la [E] ln[E] [E] 2 [E]i In [E]i
5 0.475 0.713 -0.338 0.474 0.239 -1.430
11 0.425 0.638 -0.450 0.469 0.169 -1.780
18 0.404 0.605 -0.502 0.464 0.141 -1.957
25 0.382 0.573 -0.556 0.458 0.116 -2.158
32 0.367 0.551 -0.596 0.453 0.098 -2.323
39 0.358 0.536 -0.623 0.448 0.084 -2.480
46 0.347 0.521 -0.652 0.443 0.069 -2.678
53 0.331 0.497 -0.699 0.438 0.059 -2.829
60 0.323 0.484 -0.725 0.433 0.054 -2.927
67 0.312 0.468 -0.759 0.428 0.040 -3.212
73 0.307 0.460 -0.776 0.424 0.036 -3.318
80 0.297 0.446 -0.807 0.419 0.027 -3.605
87 0.290 0.436 -0.831 0.414 0.022 -3.834
94 0.283 0.424 -0.857
102 0.268 0.402 -0.910
112 0.267 0.401 -0.914
122 0.262 0.393 -0.933
145 0.254 0.382 -0.963
167 0.247 0.371 -0.992
192 0.237 0.356 -1.033
216 0.225 0.337 -1.088
240 0.216 0.324 -1.128
264 0.204 0.307 -1.182
288 0.197 0.295 -1.220
312 0.188 0.282 -1.264
337 0.182 0.274 -1.296
361 0.172 0.258 -1.356
385 0.168 0.252 -1.378
409 0.163 0.244 -1.410
433 0.156 0.234 -1.454
457 0.151 0.227 -1.484
482 0.145 0.218 -1.525
506 0.140 0.209 -1.564
530 0.134 0.200 -1.608
554 0.131 0.196 -1.629
578 0.126 0.189 -1.664
614 0.117 0.176 -1.737
* Ij /Ig is the ratio of  the integrals o f  proton d and a; [E] = I ^  lao^Ia ^ dO, represents the concentration 
of  the oxirane; [E] 2  is the epoxide concentration for the éthérification polymerisation and [E]j = [E]- 
[E]2 is the epoxide concentration for the adduct formation.
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Figure 4.9 Consecutive first-order plot of MY750/Cu(l: 1 ) 4 0 1 2  (10% mol) at 150°C 
derived from NMR measurements: o In [E], •  In [E]i, —  In [E] 2
Where A represents the PGE-EMI adduct, E represents epoxide (BADGE at the initial 
stage and bigger species at later stage of cure) and AE, ... A...E„ represent successive 
oligomers. We assume that the dissociation occurs rapidly at the reaction temperature.
represents the rate constant of the first step adduct formation between 1 : 1  adduct 
and BADGE. ky... and k^ are the rate constants of subsequent éthérification 
propagations which should decrease with the progress of cure due to the increasing of 
molecular weights. On this basis the rate of loss of epoxide group on BADGE is given 
by:
-d [E ]/ d  ^= A:j[A][E] + A:2 [E][AE] + A:2 [E][AEEE]+...+â:„[E][AE...E^_j]
It thus consists of a number («) of consecutive second order reactions. As a first 
approximation we assume k2 = k^=... k„ because these steps are essentially the same
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and the only difference involved is the molecular weight which is small. The equation 
can therefore be simplified:
-d[E] !d t = k^ [A][E] + k^ [E]([AE] + [AEE]+...+[AE...E„_i ])
Let [AJo represents the initial concentration of adduct, then:
[A] = [A]q - ([AE] + [AEE]+...+[AE...E^_j ])
Hence,
-d[E] I àt = k^ [A][E] + ^ 2  [E]([A]o - [A])
In the initial stages the epoxide is present in excess and as a first approximation, its 
concentration can be taken as a constant. This leads to:
-d[E] I àt = k^ [A] + ^ 2  ([AJo - [A])
When all of the adduct has been consumed ([A]=0) i.e. at a later stage, the rate 
equation is:
-d[E]/d^ = ^2 [A]o[E]
Again, first-order kinetics are expected, this time because [A]g is a constant (the 
amount of 1:1 complex). Overall, the whole process has involved first-order adduct 
formation, then consecutive first-order reactions of adduct formation and 
éthérification, finally first-order polymerisation.
This process can be clearly observed when ln[E] (from NMR measurements) is plotted 
against reaction time, e.g. at 150°C in Figure 4.9, the initial points (0 to -102 
minutes) fall on a curve resulting from the consecutive reactions, but the remainder 
(main part from - 1 0 2  minutes to the end) of the plot is basically linear corresponding 
to the first-order polymerisation. The appearance of the plot and rate equations suggest 
that a consecutive first-order treatment is applicable. The linear portion was 
extrapolated back to the ln[E] axis ( ----  line correspondent to In [E] 2  from
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In [E] = - 0.739 - 0.170 x lO'  ^ t, r = 0.999 derived from linear regression analysis), 
and the epoxide concentrations for the adduct formation [EJj which are the difference 
between [E] observed and the [E] 2  extrapolation value were calculated (Table 4.3) i.e.\
[E]i = [E]-[E ] 2
Then the plot of In [E]j against time can be drawn and the linear (Figure 4.9) 
relationship (rate constant is 0.0269 min  ^ Table 4.4) shows that, to a good 
approximation, the treatment is justified. The rate constant for adduct formation can be 
calculated from the slope of this linear plot.
A number of experiments have been carried out at different temperatures covering the 
range from 120 to 160°C. Figure 4.10 to 4.13 show the plots of ln[E] against reaction 
time at 120, 130, 140 and 150°C respectively. The rate constants for the 
polymerisation (/^) were calculated by linear regression analysis of the linear part of 
the plot. Then the corresponding ln[E]j values for the adduct formation were derived 
from the extrapolation treatment and the rate constants for the adduct formation (^ ) 
were subsequently derived by linear regression. With these results, Arrhenius plots 
(InA: versus 1/7) for adduct formation {k^ and the éthérification (Â^ ) were plotted to 
determine activation energies (Table 4.4). It is notable that the data point at a 
temperature of 120°C showed a definite negative deviation from the linear plot. This is 
probably caused by the coordination effect between copper(II) and reactants in the 
system since 120°C is the highest temperature (Chapter 3), at which the interaction 
remains fairly strong. Therefore, this data point was neglected in calculating the 
activation energy. Linear Arrhenius plots were obtained from 130 to 165°C (as shown 
in Figure 4.14) and activation energies of 45 and 60 KJ mob* (for the adduct 
formation and alkoxide propagation respectively) were calculated.
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Figure 4.10 Consecutive first-order plot of MY750/Cu( 1:1 )^Cl2 (10% mol) at 120°C 
derived from NMR measurements: o In [E], •  In [E] ,^ —  In [EJj
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Figure 4.11 Consecutive first-order plot of MY750/Cu(l:l)4Cl2 (10% mol) at 130°C 
derived from NMR measurements: o In [E], •  In [E]j, —  In [E]2
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Figure 4.12 Consecutive first-order plot of MY750/Cu(l: 1 ) 4 0 1 3  (10% mol) at 140°C 
derived from NMR measurements: o In [E], # In [E] ,^ -— In [E] 2
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Figure 4.13 Consecutive first-order plot of MY750/Cu(l 1 1 ) 4 0 1 2  (10% mol) at 163°C 
derived from NMR measurements: o In [E], •  In [E]j, —  In [E]2
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Figure 4.14 Arrhenius plot of the adduct formation (o k j  and the éthérification 
propagation (□ k2) of MY750/Cu(l :1)4C12 (10% mol) measured by in-situ NMR
Table 4.4 NMR kinetic data for MY750 + 10 % mol Cu(PGE-EMI)^Cl2 at a range 
of temperatures (in the absence of solvent)
T/°C A:/min-l ^/m in - 1
130 0.0134 5.54 X 10-4
135 0.0168 7.68 X 10-4
140 0.0243 1 . 1 1  X 10-4
150 0.0269 1.70 X 10-4
163 0.0385 2.59 X 10-4
In order to confirm the reliability of the high temperature NMR measurements, a 
parallel conventional in-situ FTIR measurement was carried out. Figure 4.15 shows 
the plot of ln[E] (epoxide concentration as A914/1605-A00) versus reaction time of the
same formulation as in the NMR measurements (MY750/Cu(PGE-EMI)4Cl2 10% mol)
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at 140°C over the course of 10 hours. Again, the plot showed the consecutive first- 
order processes, but unlike high temperature NMR spectroscopy, these rates are not 
sufficiently resolved to enable calculation of both rate constants by the extrapolation 
treatment (Figure 4.15). The first-order rate constant for the polymerisation in the 
linear portion (^=1.88x10’^  S'^  at 140°C) is in close agreement with that obtained 
using high temperature NMR spectroscopy (Table 4.4).
Both in-situ NMR and FTIR spectroscopic kinetic methods are based on the same 
principle and experimental procedure. Although the NMR method is not useful for the 
lower temperature cure process of the solvent free system, it has certain advantages 
over the FTIR kinetic method. For example, (1) data treatment is easy and reliable 
because initial epoxide concentration and 1 0 0 % conversion are directly available 
while using FTIR it is necessary to determine an infinity (100% conversion) 
absorbance, which is impossible to obtain because no epoxy curing reaction can reach 
1 0 0 % conversion since the topological constraints in highly crosslinked networks 
render inaccessible a fraction of epoxy groups during the final stages of curet^]; (2 ) 
more accurate temperature control of the sample is possible because the NMR tube can 
be loaded after the probe has first reached the desired temperature allowing the sample 
to quickly reach this temperature, but the FTIR sample can not be put in a thermostat 
when it is too hot and it takes a much longer time to reach the desired temperature. 
During this period, more uncertainty may be introduced as some cure can occur. There 
is also less of a temperature difference between the resin sample and the probe in the 
NMR instrument than that of FTIR as there is a temperature gradient between the 
thermocouple and the sample because the sample windows are exposed to the air 
which is far below the required temperature; (3) Because the IR windows (cost > £ 50) 
can not be reused, the NMR method (tube cost £ 2) is less costly.
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Table 4.5 FTIR measurements of MY750/Cu(l : 1 )4 0 1 2  (10% mol) at 150°C
time (minutes) [E] In [E]
25 0 .3 5 2 -1 .0 4 3
35 0 .3 2 1 -1 .1 3 7
4 5 0 .3 1 0 -1 .1 7 2
55 0 .3 0 4 -1 .1 8 9
65 0 .301 - 1 .1 9 9
75 0 .3 0 2 - 1 .1 9 8
85 0 .3 0 0 - 1 .2 0 4
95 0 .2 9 4 -1 .2 2 3
1 0 5 0 .2 8 8 -1 .2 4 3
1 1 5 0 .2 8 4 -1 .2 5 8
1 2 5 0 .2 8 0 -1 .271
1 3 5 0 .2 7 8 -1 .2 8
1 4 5 0 .271 - 1 .3 0 4
1 5 5 0 .271 - 1 .3 0 4
1 6 5 0 .2 6 6 -1 .3 2 2
175 0 .261 - 1 .3 4 4
1 8 5 0 .2 5 9 -1 .3 5 2
195 0 .2 5 5 -1 .3 6 6
2 0 5 0 .2 5 2 - 1 .3 7 9
2 1 5 0 .2 4 8 -1 .3 9 2
2 2 5 0 .2 4 5 -1 .4 0 8
2 4 5 0 .2 4 1 - 1 .4 2 2
2 6 5 0 .2 3 4 - 1 .4 5 4
2 8 5 0 .2 2 3 -1 .501
3 0 5 0 .2 2 5 -1 .491
3 2 5 0 .2 1 7 -1 .5 2 7
3 4 5 0 .2 1 3 -1 .5 4 5
3 6 5 0 .2 0 9 -1 .5 6 5
3 8 5 0 .2 0 5 - 1 .5 8 4
4 0 5 0 .1 9 9 -1 .6 1 3
4 2 5 0 .1 9 5 -1 .6 3 6
4 4 5 0 .1 9 0 - 1 .6 6 3
4 6 5 0 .1 8 8 - 1 .6 7 3
4 8 5 0 .1 8 5 - 1 .6 8 9
5 0 5 0 .1 8 1 -1 .711
5 2 5 0 .1 7 6 -1 .7 3 8
5 4 5 0 .1 7 2 -1 .7 6 3
5 6 5 0 .1 7 0 -1 .7 7 2
5 8 5 0 .1 6 5 -1 .7 9 9
6 0 5 0 .1 6 1 -1 .8 2 6
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Figure 4.15 First-order plot of MY750/Cu( 1:1 )^Cl2 (10% mol) at 150°C derived
from FTIR measurements
The results of this work show that high temperature NMR spectroscopy is a reliable 
and an operator-friendly technique for accurately monitoring the change in the 
concentration of the reactive groups. It allows the kinetics and the mechanisms of the 
cure reactions of commercial epoxies to be investigated under 'real conditions'. It is a 
useful extension to the currently available range of techniques.
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5.1 Introduction
It is generally accepted that for a particular network polymer, the final state of 
crosslinking may be reached by post-curing at temperatures above its ultimate glass 
transition temperature, regardless of the history of the initial cure. The
implication is that the mechanism of the network formation and the final structure of 
the cured material are identical (chemically and architecturally) for a particular 
formulation under different curing conditions. Although this is possibly applicable 
over a certain range of variation in curing history for many thermoset systems, the Tg ^  
and the network structure might depend on the curing history for the 
homopolymerization of BADGE and imidazole and some other systems [^2 ].
The Tg of monodisperse linear polymers increases as the degree of polymerisation 
increases. At high degrees of polymerisation, the Tg reaches a plateau at a maximum 
value Tg^. For a large number of polymers, the simple expressionC^l;
rg ..-T g ,M = ^/M  ( 1 )
may be used to describe the as a function of the molecular weight, M, provided that 
the M  is higher than for low oligomers. For instance, the of monodisperse atactic 
polystyrene at a M  of > 5000 can be well represented^^] by equation (1) with the 
constants Tg^ = 378 K and k =  10 .^ Thus, the Tg of polystyrene remains relatively
unchanged (within 1 K) at M > 100 000. A similar form of equation (1) was givent^’^ ] 
for the trend of of crosslinked polymers as a function of the molecular weight 
between the crosslinks,
= (2 ) 
where Tg q is the glass transition temperature of the uncrosslinked infinite molecular 
weight polymer of the same composition and is ~ 4 x 10  ^as an average for several 
casesM. Thus, the ZL of a crosslinked polymer is increased from the T„ of the base
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linear polymer as the is reduced. A more involved form was given by DiMarzioi^] 
for crosslinked rubber:
(3)
where is the crosslinking density and is inversely related to M^. A widely quoted 
equation, attributed to DiBenedetto, assumes a similar form, which was given a basis 
on the principle of corresponding statesM . By considering that the backbone q is not
equal to Zg qq and changes as a function of molecular weight as in equation (1), Stutz et
modified the DiBenedetto equation to include the effect of both crosslinking 
density and the increase of the Zg of the uncrosslinked polymer backbone as the degree 
of cure increases. Soon after. Hale et produced a comprehensive overview on 
the subject of Zg as a function of conversion in thermosetting polymers and a theory 
for the Zg of a polyfunctional novolac epoxy crosslinked with a novolac resin, which 
showed a rather steep increase at the latter stages of cure.
No matter how the maximum crosslink density or the minimum average may be
calculated from the maximum degree of cure, the theoretical maximum Zg for a 
crosslinked polymer may not be realised because the reaction generally stops at a 
certain high degree of cure, e.g. ~ 90-95%, due mainly to topographical constraints. 
Furthermore, the structure of the actual crosslinked polymer is highly complex. Not 
only are there different values but the crosslinking branches also bear different 
terminal groups, and variations in the concentrations of end groups and trapped 
monomers and oligomers. One must also deal with various types of molecular entities 
between the crosslinks and how to represent their contributions to various properties 
with a single parameter such as ox X^.
Unlike the polymerisation of a linear polymer which is generally designed to terminate 
at a certain molecular weight, crosslinking reactions do not stop until most of the
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reactants have been consumed. Although it is claimed that the reaction may virtually 
cease when the material develops into a glassy state at the curing temperature, notable 
increases in Zg may be observable for some resins, e.g. imidazole cured resins can 
develop higher Zg values at lower curing temperatures. This is because at this stage 
small amounts of conversion can cause great increases in crosslinking and molecular 
weight. However, the reaction involving the remaining reactants resumes at a higher 
rate when the material is heated above the Zg. In practice, there appears to exist an 
ultimate glass transition temperature, Zg for each resin. A common belief is that by 
post curing the resin in the rubbery state at temperatures above the Zg the resin 
would reach a maximum degree of cure regardless of its previous curing history.
However, Chang'st^] intensive study on the BADGE/2-ethyl-4-methylimidazole (EMI) 
formulations showed the strong dependence of the ultimate glass transition 
temperature Zg ^  on the curing history over a wide range of conditions. Meyer, 
Mijovict^l and co-workers studied the influence of the stoichiometry and thermal 
history on structure and properties of the BADGE/Diaminodiphenyl sulphone (DDS) 
system using DMTA. These studies suggest that the mechanism of the network 
formation at different conditions might be different, so that the final structure of the 
network is different and consequently shows different properties. It was also found 
during our early work on the BADGE/Copper-imidazole formulations that the Zg of 
the cured resin from the isothermal curing process is much higher than that of the 
dynamic scan curing process. To date, little systematic work has been carried out to 
determine the importance of the thermal history upon the nature of the architecture and 
final resin properties. In this chapter, DSC and TGA were used to gain some insights 
into the relationships of thermal history—mechanism—physico-mechanical property 
relations of BADGE cured using a range of imidazole derivatives. Thermal history and 
final property relationships were investigated by thermal analysis (DSC and TGA) and
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temperature dependent mechanisms were evaluated by viscosity behaviour, NMR, 
HPLC and GPC measurements.
5.2 Experimental 
5.2.1 DSC measurements
DSC measurements were performed both isothermally and non-isothermally at a 
variety of heating rates (1, 5, 10, 15 and 20 K min-i) under nitrogen (30 cm^ min-^) 
using a SHIMADZU DSC-50 differential scanning calorimeter interfaced with a 
SHIMADZU TA-501 thermal analyser. Samples ( 8  + 2 mg) were run in sealed 
aluminium pans. The glass transition temperatures were determined by TA-501 
analyser from the routine scans (at 10 K min+) of the cured samples.
5.2.2 Heat of reaction (AH)
The maximum degree of cure and the maximum heat of cure is commonly obtained in 
DSC studies by integrating the exothermic peak area of a heat flow curve, as the 
sample is scanned to a certain maximum temperature just before any noticeable 
degradation takes place. However, the values of conversion derived from this 
maximum heat are not very reliable as the 'maximum heat' of cure can never be truly 
realised since the reaction usually stops at a certain stage of cure. The heats of reaction 
of these formulations have already been studied in Chapter 3 and hence the heat of the 
reaction serves mainly as a means of monitoring the approximate degree of cure.
5.2.3 Glass transition temperature
The glass transition temperature (Zg) is a second order thermodynamic response and it 
involves a temperature zone within which frozen molecular relaxations occur in the 
polymer. The exact determination of Zg is still disputed and in this work Zg is taken as
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the maximum slope in the heat flow-temperature. The Zg of a crosslinked system may 
be somewhat ill-defined as the macroscopic glass transition phenomena generally 
occur over a relatively wide range of temperature. This is due in part to the distribution 
of molecular weights and segmental lengths between the crosslinking points, but also 
because there are also distributions of unreacted functional groups and monomers 
which tend to be 'arrested' in the rigid network. Slow cooling at a constant rate may be 
used to sharpen the glass transition observation. Examples of such occurrences have 
been reported for crosslinked polymerst^^]. Unfortunately, this cooling scan 
observation can not be carried out on the DSC instrument used in this work without a 
proper cooling facility. All ZgS in this work were measured by identical 10 K/minute 
scan schedule. The onset of the glass transition region from the glassy state occurs 
rather gradually and is ill-defined. Because of the lack of precision in the 
determination of heat capacity over a wide temperature scan range and the failure to 
separate spontaneous relaxations from the vibrational contributions by means of 
thermal analytical methods (unlike DMTA), the uncertainty in assigning the onset of 
the Zg is fairly large. The onset of the glass transition is quite diffuse for the present 
resin system, but it ends quite sharply at the onset of the rubbery region and it can be 
seen that ZgS of lower magnitude show greater glass transition thermal response than 
those of higher magnitude (Figure 5.1 a, b).
The Zg may also be seen as a function of the imidazole content since different 
imidazole contents result in different crosslinking densities. The results of Heise and 
Martin[i3] show that at low EMI content there is little Zg increase, presumably due 
mostly to the presence of linear chain propagation. Intermediate concentrations of 3- 
5% by weight of EMI yielded the highest Zg as the result of a high crosslinking 
density. As EMI concentration is increased still further, more BADGE will be 
consumed by the formation of BADGE-EMI adducts, leaving less BADGE available
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for the éthérification polymerisation. Hence, the Zg is lowered again. In the present 
study, the aim is concentrated on the relations between the curing history and the final 
Zg, therefore, 6.64 wt% PGE-EMI adduct and 7.5 wt% complex (in molar equivalence 
to 6.64 wt% PGE-EMI) in BADGE formulations were made to obtain a system with 
the highest possible Zg.
5.2.4 Thermogravimetric analysis
TGA measurements in this work were made using a SHIMADZU TGA 
thermogravimetric analyser interfaced with a SHIMADZU TA-501 thermal analyser. 
TGA samples ( 6  ± 2 mg) were run in open aluminium pans and a scan rate of lOK 
min+ under nitrogen (30 cm^/min“l) was used for all thermal decomposition analyses.
5.2.5 Assessing the effect of the cure schedule using TGA
These experiments were undertaken to assess the possible effects of degradation upon 
the polymers of the cure schedules (both isothermal and dynamic). In each case the 
formulated mixture (containing a curing agent and the epoxy prepolymer MY750) was 
heated in the TGA furnace in as close an approximation to the actual cure conditions 
as possible. Both dynamic and isothermal studies were performed to parallel the cure 
schedules in the DSC in order to assess the extent of degradation experienced by the 
mixture during cure. In the dynamic experiment sample mixtures were subjected to the 
following heating programme: a ramp from ambient temperature to 300°C at a 
particular heating rate to effect cure and the weight differential was measured after the 
cure schedule was complete. In all cases the prepolymer formulations exhibited no 
significant weight loss {i.e., of the order of 0.5 %) during the cure schedules and 
indeed these negligible losses may be due to the loss of volatile matter rather than 
degradation. In the isothermal study samples were analysed under nitrogen and were 
subjected to the following heating programme: a 10 K/minute heating ramp from
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ambient temperature to a pre-selected isothermal cure temperature ranging from 1 0 0  to 
160°C and dwell times ranging from 12 to 32 hours depending on the pre-selected 
temperature. A further final postcure (between 140 and 160°C depending on the 
reactivity of the system as determined by DSC and discussed below) was applied until 
no further increase in Zg was observed in the DSC experiments. The weight loss is 
generally smaller than the dynamic process (to 300°C) because the resin is stable at 
these temperatures.
5.2.6 Rheological measurements
Viscometric measurements were made using a Brookfield RVTD113 viscometer 
(using a RV7 spindle) operating at a fixed shear rate of 64 Hz and at a range of 
isothermal temperatures using a Brookfield Thermosel with a heating mantle 
controlled by a Brookfield model 64 temperature controller.
5.2.7 Samples taken from ’High’ and ’low’ temperature curing 
processes
Samples collected during the course of cure for NMR, GPC and HPLC measurements 
were obtained by applying isothermal curing procedures at higher (170°C) and lower 
(90°C) temperatures. Sample vials containing ca. 50 mg resin were placed in a 
thermostatted oil bath controlled by a contact thermometer after the temperature had 
equilibrated for at least 30 minutes at the required temperature. During the course of 
cure (up until the gelation of the resin), sample vials were removed from the oil bath 
and the reaction immediately quenched in ice water. The transition during gelation 
occurs over a period of several seconds making it easy to miss the actual point of 
gelation when sampling. The fractions near sol-gel transition are the most critical to 
the analysis so that a number of sampling procedures had to be repeated for each
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temperature for maximum accuracy. The collected samples were then dissolved in Dg- 
DMSO and stored in a freezer prior to NMR and chromatographic measurements.
5.2.8 Chromatographic measurements
High performance liquid chromatography (HPLC) was performed using a system 
comprising of a Spectra-Physics model SP8700 solvent delivery system, Pye Unicam 
model PU4020 ultraviolet-visible (UV-vis) detector operating at 275 nm, and a 
Spherisorb ODS 5p (12.5 x 4.6 mm) column. A gradient elution was performed using 
acetonitrile and water (from 90:10 to 45:55 acetonitrile : water) and the flow rate was 
1 cm^/minute. Methanesulphonic acid (at a concentration of 0.5 % by volume) was 
used as an ion pair suppression reagent.
Gel permeation chromatography (GPC) was performed on a Waters system 
comprising of a model 510 pump, ERMA model ERC-7510 index reflection detector, 
and a Polymer Laboratories PLgel 5p column. The eluent was tetrahydrofuran and the 
flow rate was 0.8 cm^/minute. Both the GPC and HPLC detectors were interfaced with 
an NEC Power Mate PC using a Millennium 2010 chromatography manager system.
5.3 Results and discussion
5.3.1 Dependence of Final on Thermal History
A comprehensive thermal analysis was carried out by varying the thermal cure 
histories using both dynamic and isothermal processes over a wide range of time- 
temperature conditions. It is, however, in many cases practically very difficult to 
determine the final stage of postcure. This is because during the latter stages of cure, 
the thermal response is small since the reaction is rather slow (due to the low 
concentration of unreacted functional groups) in the crosslinked rubbery or glassy
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State, and the enthalpy of these reactions between bigger molecules even lower. On the 
other hand, just a small amount of reaction during these latter stages can greatly 
increase the Zg since these reactions directly result in further crosslinking. However, in 
some cases the measured Zg unexpectedly decreased with an apparent increasing 
conversion. Hence, the choice of maximum temperature for scanning and isothermal 
postcure is critical since some side effects, e.g., isothermal ageing, may cause 
degradation, possibly leading to a reduction in the observed Zg. Section 5.2.5 details 
the efforts that were made to avoid decomposition effects using TGA analysis.
5.3.1.1 Dynamic DSC cure process
Samples were cured under nitrogen by ramping the calorimeter at a range of scanning 
rates from room temperature to 300°C. No postcure treatment is required since it is 
believed that the cure can be completed by scanning the sample to such a high 
temperature and no further increase in Zg can be achieved by any further treatment, 
although in some cases the degree of cure was advanced. In all cases the scanned 
sample was allowed to cool to room temperature slowly and was then re-scanned to 
determine the glass transition temperature and this was taken as the final Zg The 
results are collected as Zg against the scan rate employed to effect cure in the particular 
sample (Table 5.1 and Figure 5.2). Glass transition temperatures increase with 
increasing cure. However, as the Zg is advanced there is an increasing component of 
free volume, due to expansion of the network at higher reaction temperatures. These 
effects are associated with non-equilibrium structure during cure. Chemical effects are 
also likely to occur due to different reactions which are dependent on temperature. 
Taking account of physical effects, it would appear that the chemical kinetics are also 
influencing the network structure. Examination of the system by HPLC and molecular 
weight distributions would appear to confirm that the reaction kinetics are influencing 
the network structure.
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Figure 5.1 Glass transition of the resins cured by different scanning rates
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The data indicate (Table 5.1 and Figure 5.1 a, b and 5.2) that, for both adduct- and 
complex-cured systems, a sample cured with faster scan rate displays a lower Tg than 
that of a more slowly-cured sample. The TgS span a range of 45°C which is a 
significant variation. Two factors which might have been considered are that for a high 
heating rate process. There is inevitably a temperature lag between 'measured' 
temperature and that of sample and in slow scans the total cure time is longer than that 
for the faster process over the same temperature range, allowing more reaction and the 
production of a higher Tg. However, this supposition was not supported by further 
analysis. From the results shown in Figure 5.3 it can be seen that at a scanning rate of 
20 K/minute, the exothermic peak has not finished by 280°C and a rescan of the same 
sample revealed a residual exotherm indicating that the material had still not reached 
full cure. This is in marked contrast to the thermogram obtained at a slow scanning 
rate. The Tg value obtained from this rescan treatment was found to be surprisingly 
lower than that obtained from the first cure cycle. For complex-cured systems this 
phenomenon was even more significant (Table 5.1 and Figure 5.4 a, b). This kind of 
negative effect of dynamic postcure can also be found in the sample initially cured by 
the isothermal process, which will be shown in the next section. This indicates that Tg 
is not always proportional to conversion at later stages when the chemistry and 
network structure are more influential. In the light of these results it is likely that the 
complex effect of the initial and postcure conditions upon the final network structure 
is crucial. The same measurements were carried out on an aged complex mixture 
(which had been refrigerated for 15 months at ca. 0°C). The resulting TgS were found 
to be marginally lower {e.g., 3°C) that of the freshly prepared samples (Table 5.1) 
which is in agreement with Chang's findings^].
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128
5.3.1.2 Isothermal DSC cure process
Having performed the dynamic curing experiments there was already some indication 
of the cure temperatures required to achieve the possible highest Tg of e.g. 128°C for 
the adduct cured system under dynamic conditions. With this guidance, adduct-eured 
mixtures were cured by holding the calorimeter isothermally at 100, 110, 120, 130, 
140 and 160°C respectively and the TgS measured during the course of cure. In all 
cases, as expected Tg increased with the curing time and stopped increasing at a 
certain Tg e.g., the maximum Tg at 100°C was 121 °C (32 hours) and at 140°C is 143° 
C(10 hours) for adduct-eured resin. The complex-cured mixtures behaved somewhat 
differently in that if the cure temperature was insufficient to effect dissociation of the 
complex (e.g., below 120°C) then the polymerisation reaction could not proceed to 
vitrification. For example after subjecting a complex-containing mixture to 100°C for 
16 hours a Tg of ca. 64°C was recorded. Figure 5.5 is the simplest representative plot 
of the Tg measured during the course of isothermal cure at 140°C. The adduct- 
eontaining samples were then subjected to an isothermal postcure at 140°C (160°C in 
the ease of complex-containing mixtures) until no further increase in Tg was observed 
(Table 5.1). Figure 5.6 shows the final TgS of adduct system cured initially at 
different isothermal temperatures. It can be seen that lower initial cure temperatures 
produce higher final Tg values. However, this lower initial cure temperature window 
has a limited range which may be associated with the viscosity of the resin. It has been 
reported^] that if the initial curing temperature is too low (e.g., by ageing the sample 
at room temperature for 6  months followed by appropriate cure treatment) then the 
Tg u obtained is low (this also can be seen in Table 5.1). The viscosity and fluidity 
may be one of the factors which affect the nature of the initial molecular growth. By 
comparison with the final TgS obtained by the dynamic scaiming process, the final TgS 
from isothermal initial and postcure processes are much higher.
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The effect of dynamic postcure was then examined on samples which had been cured 
initially at 100°C and then postcured at 140°C isothermally. The results are presented 
in Figure 5.7, in which the TgS of samples are plotted against isothermal cure along 
with their final TgS by subsequent dynamic scanning postcure at a heating rate of 1 0  
K/minute (from ambient to 300°C). In this case, the final TgS are nearly identical {ca. 
130°C) regardless of the previous Tg values achieved before this postcure, particularly 
in the latter cases where the measured final TgS were even lower than the Tg before 
this dynamic postcure treatment. This dynamic scan treatment may result in the 
ultimate conversion, but may also change the final network structure by allowing it to
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relax and explore more conformational space. Although the curing reaction is 
irreversible, allowing no possibility of segmental rearrangement during postcure, the 
treatment by ramping the sample quickly to 300°C (which is much higher than its Tg) 
may produce a distorted network or cause some decomposition, consequently reducing 
the Tg. This appears to confirm that the finding of 'erasable' thermal historyt^^] are 
observed under limited circumstances.
5.3.1.3 Thermal stability of the cured resins
TGA experiments were performed under nitrogen on each cured resin sample to assess 
the thermal stability of the polymer obtained from different thermal histories. In each 
case the mixture was scanned at a heating rate of 10 K/minute from ambient 
temperature to 500°C after the final Tg was measured by DSC. These results were 
collected in the form of plots of residual weight versus temperature.
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Figure 5.8 TGA measurements (lOK/min under nitrogen) of cured 
MY750/Cu(PGE-EMI)4Cl2 (7.5 wt%) after a variety of cure schedules
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A representative plot is shown in Figure 5.8; all traces displayed similar profiles 
indicating no significant differences in thermal stability from polymers cured using 
dynamic cure schedules. Even in the worst case no significant degradation {i.e., a 
weight loss exceeding 1%) was observed up to 319°C. While some discrepancies were 
observed in the order of stability (Figure 5.9 a, b and Table 5.1) in general those 
samples cured using a slower scanning rate were found to be more stable on 
subsequent rescan of the cured resin {i.e., as expected the thermal stability of the cured 
resin is proportional to its Tg). All plots from polymer samples cured isothermally 
displayed a similar profile to the TGA data from samples cured using the dynamic 
cure schedules indicating no significant differences in the mechanism of degradation. 
An overlay plot is shown (Figure 5.10) containing TGA results from both isothermal
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and dynamic cured samples. It can be seen that those samples cured using a scanning 
cure schedule were found to be less stable on subsequent TGA rescan than those 
polymers cured using a comparable isothermal programme. The overall trend is that, 
as expected, samples exhibiting a higher Tg display superior thermal stability for both 
dynamic and isothermal cured resins. These results appear to support the suggestion 
from the DSC experiments that the significant difference in the curing schedule is 
favouring one polymerisation mechanism over another.
The combined dynamic and isothermal DSC and TGA results suggested that for the 
same formulations of BADGE and imidazole derivatives, the final property is not only 
determined by the degree of cure, but also by the thermal history during cure. The 
overall result shows that samples cured at high temperatures or at high scanning rate 
gave lower values of final Tg. This suggests that the final network structure, and by 
implication the network formation process, is strongly dependent on the thermal 
curing history (in which the final Tg may range from 84 to 160°C). Along with other 
findings[E2 ]^  it was considered that high initial cure temperatures may lead to the 
formation of a less homogeneous network. In an earlier study by Mijovic on 
processing property relationshipstl^] in graphite/epoxy composites, it was found that 
different thermal histories prior to postcure had an effect on the properties of the 
composites. That effect, however, was 'erased' by the subsequent postcure temperature. 
Although this may be true over a certain range of variation in cure history, such as that 
seen in Figure 5.7, the final properties may be dependent on both initial and postcure 
conditions. The overall time-temperature-property relationships shown in this study 
suggest that the reactions occurring at an early stage of cure may take place to give 
different topologies if the temperature is different. This in turn may affect the 
architecture of the final network.
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The chemical reaction mechanism and the kinetics of the cure have already been 
studied in Chapter 3. The cure is believed to involve two major steps: (i) initiation via 
the formation of an oligomeric adduct from the imidazole derivative and the epoxy 
(BADGE) monomer and (ii) propagation arising from the consecutive éthérification 
reactions between the reactive oligomeric adduct and successive BADGE monomers.
Earlier mechanistic studies of the imidazole cure of epoxies^D] have shown that the 
alkoxide (RO") propagation is considered to be favoured at lower temperatures while 
the hydroxyl (OH) propagation route is only active at higher temperatures, perhaps 
leading to different network structures. There may be a difference between the two 
pathways if one considers the position of the alkoxide and hydroxyl groups. R 0 “ 
groups are generally located at terminal positions in the intermediate which is 
produced by the previous attack of an RO" group on an oxirane ring at the terminus of 
the molecule, while the OH groups are initially produced towards the middle of the 
BADGE oligomer and 1:1 adduct. The geometrical structures resulting from these two 
pathways may be different, the production from the RO" éthérification may result in a 
more linear structure; OH éthérification may result in a more branch-like structure. 
The influence of these two kinds of intermediate structures on the formation and final 
structure of the network can not be gauged easily. The magnitude of the effect may be 
expected to be small since the concentration of hydroxyl groups is rather low (in one 
case pure BADGE, with no OH groups, was examinedt^]) and all the procedures were 
carried out under moisture-free conditions in the absence of acid contaminants. 
However, one point which is clear from the outcome of this investigation is that this is 
certainly not the sole factor influencing the final properties. It is accepted that in an 
am ine/epoxy[2] system a large number of OH groups, which are generated from the 
initial reaction of amine and epoxide, can further react with epoxide at higher 
temperatures! to leave virtually more small amine species in the final network. This
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in turn results in a less homogeneous molecular weight distribution. In view of the 
earlier published work and with reference to our results, one may speculate on the 
following possibilities:
(i) From the equilibrium reaction, the potential of the curing agent is not fully 
developed during the short period of rapid heating (affecting the distribution of 
oligomeric and polymeric species during cure).
(ii) The high curing temperature and the rapid scan cure process promotes fast reaction 
and under these conditions reaction may also occur between larger intermediates rather 
than small species and this results directly in an uneven molecular weight distribution. 
This view can be supported by the results of the synthesis of the 1:1 adduct of PGE 
and EMI in solution. It was found that for the stoichiometric reaction, more 2:1 
adducts were produced at higher temperatures. This indicates that the second and third 
reactions occur more easily at high temperature, thus leaving a larger amount of 
unreacted EMI than at lower temperatures. This in turn results in a crosslinked system 
containing more monomer and small oligomers which may lead to different pathways 
for molecular growth and network formation. It also yields a network containing a 
broader range of oligomeric lengths between branch points. Moreover, there is the 
possibility of non-elastically contributing species - the products of inter- or 
intramolecular cyclization - which are not incorporated directly into the network.
(iii) The statistics of encounter of epoxy groups at different temperatures may produce 
different network structures. It is generally considered that the influence of the thermal 
history on the network formation should be more universally observable in many 
crosslinked polymer systems^]. In practice, large samples with high heat of reactions
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may show less of the thermal history effect. This may be due to autocatalysis under a 
high rate of energy release due to low thermal conductivities.
One or more of these factors may have a direct bearing on the nature of the network 
formed during cure. It should be noted that in industrial applications, in order to save 
time and energy, and to increase productivity, most operations are driven towards the 
process conditions which lead to the most rapid reaction. It is in this regime of fast 
heating rates that more drastic changes in the Tg and the structure of the final network 
occur, in most cases probably as a negative effect but this is not known for certain. 
Obviously, it is important to study the mechanism-structure-property relationships 
under different reaction conditions not only to gain an understanding of the complex 
curing processes, but also to ensure quality control in industrial applications. 
Apparently, it is not sufficient to determine the kinetics of cure, but also to investigate 
further the network structure and various pathways that such thermosetting resins may 
take. The monitoring of cure development by means of measuring changes in chemical 
or physical properties, or by observing the change in the behaviour of guest molecules 
to a matrix may also be applied. In view of the complex polymerisation and 
crosslinking (density and placement) development, these monitoring techniques need 
to be well calibrated and their range of applicability limited to a narrow window of 
curing conditions. For in-situ monitoring, there is not only a need for techniques that 
are sensitive to the initial viscosity changes for consolidation purposes, but also for 
techniques that are sensitive to the network structures in the final stages of cure for the 
determination of the final property. Although the characterisation of the crosslinked 
system in terms of architectural mechanism is extremely difficult, many techniques 
such as dynamic viscosity, spectroscopy and chromatography may be useful in 
providing such information during the earlier stages prior to the gel-point.
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5.3.2 Temperature Dependent Mechanisms of Network Formation
5.3.2.1 Rheology measurements during the cure process
It is rather difficult to characterise fiilly the curing process which involves complex 
chemical reactions and sol-gel-vitrification phase transitions. Studies on the 
morphology of the resins cured by different thermal histories may reflect the final 
structure of the network. However, studies on the initial curing behaviour prior to the 
gelation of the resin, which would play a key rôle in the network formation 
mechanism, are relatively easy since the viscosity and fractional conversion can be 
determined and the sample can be separated by chromatographic techniques.
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Figure 5.11. Dynamic viscosity results of MY720 cured with 5 wt% 1:1 adduct (o), 
Cu(l:l)^Cl2 ( a ) ,  2:1 adduct (o )  and Cu(2 :l)^Cl2 (□) at 85°C respectively
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The first feature of note is that for the same concentration of the curing agents, MY720 
displayed a higher reactivity than MY750, as expected due to its higher functionality. 
The gelation of the MY720 formulations occurred at a much lower temperature as a 
result of their high reactivities and gelation at lower conversion. It is supposed that for 
a certain functionality of a crosslinking system, the gelation occurs at a fixed fractional 
conversion and that the degree of cure at gelation in a formulation with the same 
number of reactive groups can be calculated using Flory's classic expressionC^^l:
ae = [ l / ( / '- l )P /2
where is the critical conversion at gelation and /  is the functionality of the 
branching unit. Hence, for MY750 which has four branching points in a 
polyéthérification mechanism,/ =  4 x 0.9 + 2 x 0.1 = 3.8; for MY720 (eight branching 
points for polyéthérification)/ =  8  x 0.9 + 2 x 0.1 = 7.4. The factor (2 x 0.1) is 
introduced because there are about 1 0  mole % imidazoles present in formulations 
which themselves bear two branching points. Consequently, the theoretical fractional 
conversion at gel point for MY750 system is 59.8% and that for MY720 system is 
39.5%. It has been reportedl '^^] that a parallel study on an amine-cured epoxy resin 
(predicted to be 58% converted at gel-point for this 4-functional branching unit) was 
made by measuring the 'kinetic' gel-time using FTIR and a rheological gel time (where 
the viscosity tends to infinity). Excellent agreement between measured and predicted 
conversions was obtained. However, in the absence of a simultaneous real time 
technique to monitor both conversion and viscosity, it is not a simple task.
The second noteworthy feature is that the latent nature of the copper complexes over 
the parent imidazoles and the lower reactivity of the 2 : 1  adduct are clearly 
demonstrated. The effect of the MY720/PGE-EMI mixture leads to an increase in 
viscosity (which is initially ca. 5 cps at 100°C) to a maximum value after a period of 
approximately 5-10 minutes. In contrast, the corresponding copper complex causes the
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same increase in viscosity to occur after ca. 50 minutes. The same commercial epoxy 
(MY720) exhibits similar viscosity profiles when cured with the 2:1 adduct and 
corresponding complex, although these curing agents constantly display a lower 
reactivity. Similar behaviour is observed for the second commercial epoxy system 
under study (MY750), although the reduced reactivity of this system required a higher 
curing temperature (150°C) to effect the cure.
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Figure 5.12 Dynamic viscosity behaviour of MY750 cured with 5 wt% 1:1 adduct (o), 
Cu(l: 1 ) ^ 0 1 2  ( a ) ,  2 : 1  adduct (o )  and Cu(2 :l)^Cl2 (□) at 150°C respectively
Another notable phenomenon is that for all relatively slow curing processes, when the 
reaction approaches the gel point, the viscosity increases much more sharply than for
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the fast cure processes. It has already been found that the 2:1 adduct is relatively 
unreactive compared with the 1:1 adduct. The 2:1 adduct complex is more like a slow 
curing agent than a latent curing agent because of the weak coordination of the metal. 
This gives the impression that slow reactions, including complexes and 2:1 cured 
systems, undergo a form of network build-up that exhibits a sharp increase in viscosity 
at the gel-point. Differences were also observed for a given formulation at different 
cure temperatures. It appears that at low temperatures the viscosity behaviour displays 
a sharp increase in viscosity at the gel-point, whereas a much more gradual increase is 
observed at elevated temperatures - a 'fast' cure (Figure 5.11 and 5.12). These 
temperature dependent phenomena are in agreement with the findings of the 
analysis. It is postulated that the main difference between the two growing networks 
could be due to the different growth mechanisms: in the case of the lower temperature 
cure a more controlled, regular chain extension with many actively growing oligomers 
arriving at a critical chain length before network formation occurs over a longer time. 
Consequently, a network is formed over a short time scale at the gel-point as most 
reactions involve crosslinking. In contrast, in the higher temperature process, the 
reaction mixture contains a much wider range of chain lengths making 'gel-point' a 
more protracted event. At periods near the gel-point the reaction of smaller species 
may not contribute to the crosslinking, hence network formation takes place over a 
longer time scale. The measurements for a single mixture at different temperatures 
(Figure 5.13) confirmed that the network formation mechanisms are distinctly 
different in character.
Such an observation points to the effect of entropy controlling the process of network 
formation. In the lower temperature case, there is insufficient thermal energy to bring 
the chains into contact for reactions between bigger species to occur. However, in the 
higher temperature regime the greater thermal energy allows more collisions of this
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kind to occur, enabling more reaction between larger molecules to occur before most 
of the small species have been consumed (as supported by the modelling reaction 
discussed in section 4.3.5).
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Figure 5.13 Dynamic viscosity behaviour of MY750 cured with 5 wt% 1:1 adduct (o), 
Cu(l: 1 ) ^ 0 1 2  ( a )  at 150°C and 5 wt% 1:1 adduct at 90°C respectively
5.3.2.2 IHNM R studies
Both high and low temperature processes were analysed as sol fractions over a time 
course up to the gel-point, after which no soluble fractions could be obtained. The aim 
of these measurements was to assign conversions and therefore to enable us to 
compare the subsequent isolated results for the samples at similar conversion from low 
and high temperatures especially near the gel-point. In order to obtain discernible 
differences the choice of cure temperature was of great importance. For the higher cure 
temperature, a temperature of 170°C (the highest possible) was chosen, at which 
gelation can be reached in 1 minute. The lower temperature of 90°C was chosen at 
which gelation can be reached in a reasonable time scale (35-36 minutes) making the
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sample collection straightforward. The fractional conversion (Table 5.2) for each 
sample was derived from the integral of the protons in the epoxide ring (methyl group 
as the internal standard). Because of the inconsistency in the wet NMR measurements 
(unlike in-situ NMR measurements reported in Chapter 4), the results obtained are 
scattered making it difficult to carry out further kinetic analysis. However, it is 
possible to derive approximate conversion for use in the subsequent analysis.
There are three unexpected results arising from the NMR measurements. Firstly, the 
conversion-time profile shows that the kinetics of the cure were of an auto-catalytic 
type rather than the first order reaction for copper-imidazole cured systems observed 
previously (Chapter 3). Secondly, the observed degree of conversion, 39-43 %, is 
markedly lower than that calculated using Flory's expression for this system (59.8 %). 
These values are indicative of the non-ideality and more complex nature of the real 
system in which crosslinking occurs well before the degree of cure predicted is 
achieved. Thirdly, for a particular formulation, the measured conversions from higher 
and lower temperatures differ from those predicted. Although this difference is not 
great {ca. 4 %), it provides additional support for our view from the dynamic 
viscometric data that the molecular weight distribution for the lower temperature 
process is narrower than that of the higher temperature process. Moreover, at the lower 
temperature the process of network formation is more even so that at the critical gel- 
point there are more crosslinking reactions occurring throughout the whole system 
forming a network earlier than in the higher temperature process. In the latter there is a 
much broader range of molecular weights and there are more branching reactions 
involving smaller species, leading to a less efficient, less rapid network formation 
(although there are crosslinking reactions going on between larger oligomers to form 
crosslinked domains).
144
Table 5.2 Percentage conversion, derived from the NMR spectra.
Curing temperature 
90°C
Curing temperature 
170°C
Time (minutes) Conversion (%) Time (seconds) Conversion (%)
5 21.3 1 0 20.4
1 0 22.7 2 0 24.0
16 23.6 30 2 2 . 0
18 2 2 . 6 40 29.1
2 2 23.2 50 36.0
25 24.8 60 40.1
28 29.6 70 43.5
31 31.6 80 43.2
33.5 35
35 37.4
36 39.0
S.3.2.3 HPLC and GPC studies
HPLC was employed to analyse the sol fractions of the quenched samples from the 
reaction mixtures cured by both high and low temperature routes following NMR 
measurements. Although reverse-phase HPLC is useful for most amine-epoxy 
systems, poor chromatographic performance (in terms of peak shape and resolution) 
was obtained with the analysis of these imidazole-cured systems. It may be that the 
increased polarity of the oligomers (the alkoxide group and cationic imidazole ring) 
results in a higher degree of hydrogen bonding with the residual silanol groups 
(unbonded) on the surface of the column packing material. The use of ion pair 
suppression chromatography allowed mixtures to be separated with good peak shape
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and resolution. Initially, the starting material was identified by comparing the data for 
the reaction mixture with pure BADGE (EPON 825) using gradient elution. The 
principal peak was observed at retention time, t^=  13.4 minutes and identified as 
BADGE monomer (n = 0). A relatively small peak at = 19.4 was attributed to the 
BADGE oligomer in MY750 (n = 1) and a barely perceptible peak at = 24 minutes 
assigned to the higher oligomer (n = 2). All samples taken from the cure mixture 
during reaction were analysed by the same process. It was found that at the gel-point a 
large quantity of the BADGE monomer and oligomer from the starting material were 
still present (Figure 5.14). The predominance of the monomers and oligomers in the 
mixture made it difficult to obtain quantitative information about higher molecular 
weight species. As a result, it was difficult to compare the mixtures resulting from the 
different temperatures. Nevertheless, these high monomer and oligomer concentrations 
are in agreement with NMR results which showed low conversion at the gel-point.
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Figure 5.14 lon-pair HPLC data collected during the course of the cure of 
MY750/PGE-EMI 6.64 wt% from t = 0 to t = 80 seconds at 175°C
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Figure 5.15 GPC measurements during the course of cure for MY750/PGE-EMI 
(6.64 wt%) at different temperatures.
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Figure 5.16 GPC data analysis on the sample at early stage of cure 
of MY750/PGE-EMI 6.64 wt% at 175°C
Gel permeation chromatography (GPC) analysis of the two reaction processes (at high 
and low temperature) gave similar results to those obtained from the HPLC study. 
Initially, the monomers were identified and their intensities monitored during the 
course of cure. As expected, these intensities did decrease, but it proved difficult to 
identify the larger molecules produced during the cure (Figure 5.15 a, b). The 
calculated molecular weights of BADGE monomer (n = 0) and oligomer were 330 
(340 expected) and 613 (624 expected) respectively (Figure 5.16) which are in 
reasonable agreement. Near the gel-point there is a small amount of high molecular 
weight compounds which appear as a small shoulder on the peak. In common with the 
HPLC study, the poor resolution in the high molecular weight region makes it hard to 
ascertain the difference in molecular weight distribution between products from low 
and high temperature processes. The only significant difference found was the
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existence of a peak in the low molecular weight (184) region (Figure 5.16) for the 
polymerisation carried out at the high temperature (Figure 5.15 b). This peak 
increased in intensity during the early stages of cure and then decreased at later stages 
of cure. In contrast, when cured at lower temperature this low molecular weight peak 
remained at a low intensity (and fairly constant) throughout the course of cure. It is 
considered that this species may arise from the cleavage of the monomer or oligomer 
which then takes part in the cure reactions, but this is hard to confirm without applying
the LC-MS technique. We believe that this feature may play a part in determining the
architecture of network formation.
From these results it can be seen that the mechanism of the network formation, in
terms of chemical and architectural nature is extremely complex and hard to fully
identify. To study such a process, simultaneous determination of both conversion and 
developing properties will need to be carried out in-situ during the cure. Even so, it 
may not be possible to achieve this fully, due to the complex nature of a crosslinking 
resin system. Therefore, a model molecule such as PGE may be introduced to study 
the process as there is no crosslinking involved, making it easier to monitor.
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6.1 Introduction
As shown in previous chapters, the introduction of metal salts in the epoxy system 
greatly affects the nature of the curing process and other parameters, such as the 
storage stability. The existence of metal salts in the cured resin might also affect its 
final properties. For example, the additional ion content could affect the dielectric 
properties; the higher hydrophilic ion content in the matrix may increase water 
absorption which is not desirable; the additional ligand bonding might enhance 
mechanical properties and in contrast, it may reduce the covalent bonding by steric 
hindrance possibly leading to poorer final properties. All these effects are very 
complex and governed by many factors which may result in both positive and negative 
features. However, this offers the opportunity to tune the properties by adjusting both 
resin and metal containing curing agents to meet particular requirements in 
applications. Later in this chapter, some critical properties which are considered 
sensitive to metal salts (such as dielectric property and water resistance) are 
investigated for the copper(II)-imidazole system. In addition, dielectric thermal 
analysis (DETA) and rheological measurements have provided an opportunity to study 
the curing process of the system. Copper complexes of another major family of curing 
agents (aromatic diamines) have also been synthesised and their reactivities have been 
investigated using a commercial resin.
Previous work has demonstrated that metal ions can be used to induce latent behaviour 
in imidazoles used for curing epoxy resins This suggests that the area of epoxy­
chelate resins could be one of considerable interest, because most of the epoxy curing 
agents contain ligands, such as amines which have great potential to interact with 
metal ions. By analogy with other areas of polymer chemistry the possibility of 
incorporating a metal within an epoxy resin framework offers the opportunity of 
designing resins with desirable properties which have not yet been explored, e.g.,
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additional bonding between metal ions and an electron-donor in the three-dimensional 
network may lead to a strengthening of the network, resulting in an increase in both 
glass transition temperature and mechanical properties. The introduction of metal 
cations and corresponding anions in the epoxy resin matrix may affect the conductivity 
and dielectric relaxation. It has already been claimed that incorporation of metal ions 
in a resin matrix has led to an improvement in mechanical properties, thermal stability 
and resistance to oxidationU"^]. This therefore provides an opportunity of designing 
resins with new electrical characteristics, improved heat and flame resistance and 
improved adhesion ability.
There are at least two methods whereby metal ions can be introduced into an epoxy 
system. The first is through the use of colloidal particles, but there are difficulties 
associated with this approach - instability, poor reproducibility and sedimentation. The 
second method is through the use of metal chelates which also contain groups such as 
amines capable of reacting with epoxides. Aromatic amines are preferable to aliphatic 
analogues in view of their thermal stability so only these were initially considered in 
this investigation. The steric arrangement of the amino group also will be an important 
consideration -ortho substitution will frequently make 5- or 6 -membered chelate ring 
formation possible, whereas meta and para substitution favour the formation of linear 
structures. The possibility therefore emerges that through chelate or linear structure 
modification it may be possible to alter their reactivity with respect to epoxides and in 
this way influence the cure rate. This would in turn make it possible to use widely 
different curing temperatures. The choice of metals which might be used is wide, but 
those such as copper, which are known to be good inhibitors of thermal oxidationPO], 
find favour. The synthesis of metal-aromatic diamine complexes was undertaken and 
their reactivity as epoxy resin curing agents was studied by dynamic viscosity 
measurements.
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6.2 Experimental
Details of the thermal analysis (DSC and TGA) and dynamic viscosity measurements 
have been described in Chapter 5.
6.2.1 Preparation of fresh and neat resin samples
Formulations of 5 and 6.64 wt% of the 1:1 adduct of PGE and EMI and 5.6 and 7.5 
wt% of its copper complex in MY750 were made as described in Chapter 3. Neat 
resin samples were made in a glass mould as shown in Figure 6.1. A flat strip of 
'melanex' was placed firmly onto glass sheets coated evenly with a thin layer of 
silicone grease. A metal strip covered in tissue paper was used to remove the air 
bubbles from the 'melanex' surface. A silicone rubber spacer placed between the glass 
sheets formed an open-top mould with seals around three edges. Metal spacers of fixed 
thickness ( 1  mm) were placed around the rubber and then the glass sheets were held 
firmly using clips. The resin was injected into the mould and placed in a vacuum oven 
(set at 50°C) for 50 minutes to allow de-gassing. The following cure schedules were 
used: PGE-EMI/MY750 formulations were cured initially at 100°C (up to 24 hours) 
and post cured at 150°C (12 hours) until no further increase in glass transition 
temperatures (7^) were detected by parallel DSC measurements; Cu(PGE- 
EMI)^Cl2/MY750 mixtures were cured initially at 120°C for 24 hours and post cured 
at 165°C for 16 hours until no further increase in was observed from DSC 
measurements. The samples were allowed to cool overnight before being removed 
from the mould.
6.2.2 Rheological measurements
A curometerli®] ^vas used to monitor changes in the viscosity with time. The 
oscillating probe operated at a frequency of 2 Hz.
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Silicon rubber
glass sheets
> metal spacers
melanex
Figure 6.1 Schematic of mould (side and front view) used in making neat resins 
sheets for property testing. Glass sheets: 15x15x4 mm^
6.2.3 Dielectric measurements
Dielectric measurements were carried out on a Solartron 1250 frequency response 
analyser acting over a range from 10'^  to 6  x 1 0  ^ Hz. The frequency range can be 
covered by 30 data points, and the collection time was approximately 1 minute which 
is sufficiently short to approximate a set of data as an instantaneous snapshot of the 
dielectric properties of a dynamic system. Uncured and neat resin samples to be 
measured were placed in a cell consisting of two pre-etched copper electrodes of 
active area 1 cm^ mounted on a glass fibre reinforced epoxy resin base and placed in 
an Oxford Instrument cryostat (DN1704). The results were obtained as plots of 
dielectric constant and dielectric loss at the given frequencies versus time. 
Measurements on cured resin samples were carried out on samples measuring 12 x 17 
X 1 mm^.
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6.2.4 Water absorption measurements
Water absorption measurements were performed on cured neat resin plaques (20 x 10 
X 1 mm^) immersed in 15 cm^ boiling water over a period of 14 hours, while the 
sample weight was monitored.
6.3 Results and discussion
6.3.1 The Effect of Metal-imidazole complexes in Cured Epoxy resins
6.3.1.1 Dielectric measurements made during the curing process and 
on cured resins
During the cure of a crosslinking system, the gelation transition occurs when the 
increase in connectivity between molecules leads to an infinite macromolecule. This 
critical phenomenon is widely studiedlül. The glass/rubber transition, which occurs 
with increasing temperature, is described by some authors[l2,l3] terms of a mobility 
or a free volume percolation. As the temperature increases, mobility islands grow and 
the material becomes soft when these islands percolate. The increase in connectivity as 
cure progresses, decreases the local mobility of the polymer and leads to an increase in 
the glass transition temperature of the material.
The measured dielectric loss factor, s", is representedil^] by the sum of two terms:
s" = 8 ’'d+a/(sod(o)
a dipole contribution term, s''^, and a conductivity contribution term where a  is the DC 
conductivity, sq is the permittivity of free space, and co is the angular frequency. It is 
generally accepted that the dielectric response in the early part of cure is dominated by 
ionic conductivity effects. The dipolar contribution to the measured loss factor is 
considered negligible, and the following approximation can be made in this region:
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Figure 6 . 2  Dielectric constant (a) and loss (b) of MY750/Cu(PGE-EMI)4Cl2 5.6 wt%
during cure at 165°C
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Figure 6.3 Dielectric constant (a) and loss (b) of MY750/PGE-EMI 5 wt% during
cure at 100°C
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Figure 6.4 Dielectric constant (a) and loss (b) of cured MY750/Cu(PGE-EMI)4Cl2 
7.5 wt% versus frequency and temperature
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s" = a  / (sodCo)
This conductivity is attributed to the ionic impurities inherently present from the resin 
manufacture process.
Dielectric measurements were carried out on both curing process and cured samples. 
Adduct/resin and complex/resin formulations were monitored in real time when cured 
isothermally at 100°C and 165°C respectively. Three-dimensional plots obtained are 
shown in Figure 6.2 and 6.3. A particular feature of the resin systems studied in this 
work is that the presence of copper(II) salts could act as an additional probe for ionic 
conductivity and, as expected, the mixtures display a distinguishable ionic 
conductivity for which the dielectric loss is greater than for a conventional imidazole- 
cured epoxy resin. The initial value of the dielectric loss (logs") is approximately 
equal to 8.5, greater than that observed for a typical BADGE system (logs" ~ 
7  5 [i5,i6]) At low frequency and during initial stages of cure a large dielectric loss is 
observed which rapidly decreases as cure proceeds and can be attributed to blocking 
electrode e f f e c t s T h i s  major ionic conductivity process is revealed by the rapid 
decrease inB7-19] dielectric loss. Classically the epoxy resin synthesis comes with 
H+Cl" as a by-product, which is then neutralised. These ions remain in the medium at a 
constant concentration (in the ppm range) during the cure, and their migration induces 
a loss current which increases with decreasing frequency. Progressively, with the 
increasing viscosity, this ionic conductivity tends to vanish, and the behaviour then 
becomes dominated by dipole orientation. Over longer cure times and high 
frequencies, the dielectric loss factors reach different levels. Owing to the higher 
reactivity, the adduct/BADGE mixture reaches gelation and vitrifies within a shorter 
period of time and at a lower curing temperature (100°C). In contrast, the 
complex/BADGE system has to be cured at higher temperature (165°C) to balance the 
time scale and the vitrification can not be realised as the curing temperature is above
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the final (140°C) of the material. It should be noted that each growing molecule in 
the system contains a cation (on the imidazole ring) and an anion (the alkoxide group) 
which could intensify the dipolar relaxation. All curing processes proceed to gelation 
but vitrification could not be reached for the metal containing formulation as the 
curing temperature was above its final T .^ The observation of gelation by dielectric 
measurement is contentious as there are arguments about the validity of visualising 
gelation by dielectric m e a s u r e m e n t P 0 , 2 1 ]  ^nd there is much current research in 
progress. However, if the conduction process is influenced by the segmental mobility 
of chains forming the three dimensional matrix, then changes in conductivity may be 
indicative of vitrification. Unfortunately, the measurements made were typically 
isothermal cures at temperatures above the final Tg of the material. As a result it was 
necessary to employ a complimentary technique (curometry) to analyse the cure 
process to yield more information concerning the gelation and vitrification.
The measurements on cured resins were made by determining the dielectric response 
against frequency and temperature. The traces showed no observable influence of the 
metal salt in the matrix (Figure 6.4) - the dielectric response being dominated by an a- 
relaxation between -10 and 300°C. This phenomenon may arise because the tiny 
amount of metal salt, < 0.5%, in the system is essentially at a lower level than the 
interfering ion impurities and they are effectively constrained within the three- 
dimensional network up to 300°C.
6.3.1.2 Rheological measurements made during the cure and on 
cured resins
Although the dielectric measurement is useful to monitor the vitrification process, it is 
insensitive to gelation. Dynamic viscosity measurements offer an efficient means of 
determining the gel-point, but our previous measurements^^] using a Brookfield
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viscometer could not examine the cure of the polymer in an undisturbed state as the 
constant shearing of the spindle effectively accelerates the cure process and orders the 
molecules in the system, lowering the entropy. Owing to the high shear force of the 
spindle around the gel-point, the network structure is broken down at the interface 
between the spindle/resin and/or cylinder wall/resin making it impossible to monitor 
the cure after the gelation has been reached. The curometer, developed at Strathclyde 
U n i v e r s i t y P S ] ^  can be used to carry out measurements under conditions which involve 
very little disruption to the cure mixture and allow measurements over a greater range 
of conversion. These measurements may even carry on after vitrification has occurred 
so that the whole cure process may be monitored. In turn, it offers the possibility to 
determine the in one of two ways: at cure temperatures above the polymer's the 
changes in viscosity are measured as the temperature is decreased, while at cure 
temperatures below its a temperature ramp is employed.
Plots of the real and imaginary responses, and the computed viscosity for the curing 
process are presented in Figure 6.S-6.7. Figure 6.5 b shows the viscosity data derived 
from Figure 6.5 a. The onset of gelation occurs at about 2.8 hours and the rheology 
value reached a plateau at about 7000 Pa.s (for the polymer in a rubbery state) after 
cure at 165°C for about 17 hours. When allowed temperature cool down after cure, the 
viscosity increased until the sample solidified at its to a value of about 11500 Pa.s 
(Figure 6.6). Analysis in this manner revealed a of 143°C which is in excellent 
agreement with the by DSC result (141 °C). The 1:1 adduct mixture showed a different 
behaviour during the cure process in which sol-gel-glass transitions were involved. 
The gelation started from ca. 48 minutes and the viscosity value reached a plateau at 
about 1 X 10  ^Pa.s (for the polymer in the solid state) after a dwell period of 4 hours at 
100°C (Figure 6.7). Although the (112°C) obtained is higher than the cure 
temperature, it is not the final Tgf (which would require further post cure to achieve).
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Figure 6.5 (a) Real and imaginary responses and (b) viscosity of 
MY750/Cu(PGE-EMI)^Cl2 5.6 wt% during cure at 165°C
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Figure 6 . 6  Viscosity value of MY750/Cu(PGE-EMI)^Cl2 7.5 wt% versus temperature
after the cure at 165°C for 17 hours
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Figure 6.7 Viscosity versus cure time of MY750/PGE-EMI 5 wt% at 100°C
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6.3.1.3 Thermal stability of complex cured epoxy resins
Dynamic experiments were performed on cured resin samples in a nitrogen 
atmosphere to assess the thermal stability of the cured epoxy resin polymer. These 
results were collected in the form of a plot of residual weight versus temperature and 
are shown in Figure 5.8. It was found that the thermal stability is slightly dependent 
on curing history although a similar degradation profile was observed, indicating that 
the mechanisms of the decomposition are essentially the same. The thermal history 
dependent properties was discussed in Chapter 4. The epoxy resin cured with complex 
undergoes the onset of degradation (defined by intersection of tangents in the weight 
loss data) at ca. 408°C ( for a Tgf of 128°C). This sample also gave a char yield (the 
residual weight remaining at 500°C) of 85 %. If we now examine the properties of the 
complex-cured resin which has been fully cured (by an optimised isothermal cure 
schedule: 16 hours at 120°C followed by a postcure of 8  hours at 160°C) both the 
thermal stability (onset temperature and char yield) and Tgf (140°C) are comparable 
with the results from adduct cured system {i.e., an onset of 402°C and a char yield of 
80, Figure 5.8 and Table 5.1). This indicates that the metal salt in the cured resin 
system has no observable effect on the thermal stability.
6.3.1.4 Water absorption of the cured resins
It is well known that the absorption of water in a thermosetting resin leads to a 
decrease in the value of Tg, and also the mechanical and dielectric properties of the 
cured material and this is particularly true of epoxy resins where a cured resin may 
sacrifice as much as 20 K of for every 1% of moisture absorbedP4]. Hence, it is of 
crucial importance to prepare high performance materials which exhibit low levels of 
moisture absorption in a range of environments. In the present study it was of 
particular interest to ascertain the effect of residual copper(II) in the cured resin on the 
degree of water absorption. The immersion data for the epoxy cured with adduct and
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complex show some interesting features. In the case of the higher loading curing 
agent, both adduct (6.64 wt%) and complex (7.5 wt%) systems display similar profiles 
(Figure 6 . 8  a), saturation is reached at ca. 2.5 wt % after a period of ca. 8  hours in 
boiling water. Again, in the case of the lower loading of curing agent both adduct (5 
wt%) and complex (5.6 wt%) systems also display similar profiles, but in this case 
saturation is reached more rapidly {ca. 4 hours in boiling water. Figure 6 . 8  b). In both 
cases saturation is reached at a level of ca. 2.5 wt % indicating that residual metal has 
no apparent effect on the eventual water uptake of the epoxy resin and the porosity of 
these systems is essentially around the same level. These results have important 
ramifications in the possible use of these materials in microelectronic applications 
where the effect of moisture upon the electrical behaviour of the cured resin is of 
prime concern.
Table 6.1 Copper and chloride content (ppb) from ICP-MS analysis of water samples 
from immersion test (after 14 hours reflux at 100°C)
Curing agent (weight %) Copper (^^Cu) Chlorine (35C1)
PGE-EMI (6.64) 5.106 2 . 1 2 2
Cu(PGE-EMI)4 Cl2  (7.5) 134.535 2.585
Cu(PGE-EMI)4Cl2 (5.6) 298.060 2.935
ICP-MS analysis of the water samples in which the cured samples had been boiled 
showed notably high copper contents for those from metal-containing samples (Table 
6.1). This suggests that the action of water, albeit under extreme conditions, caused 
some of the metal salt (CuClj) which had been incorporated into the polymer network 
to leach from the resin network (to a level of ca. 300 ppb).
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Figure 6 . 8  Moisture absorption in neat resin samples vs time during immersion in
boiling water
167
6.3.2 Copper(II)-Aromatic Diamine Complexes
6.3.2.1 Preparation and characterisation
Two methods were investigated in order to prepare copper(II)-aromatic diamine 
complexes. Reports in the literatures^] have described the preparation of similar 
complexes by mixing both the metal salt and amine in a molten state. Early results in 
the present work suggested that it was difficult to obtain pure complexes by this route 
and the high melting points of some reagents {e.g. DDS mp 175-177°C) led to some 
undesirable side reactions. These may include the decomposition of thermally unstable 
compounds such as copper(II) acetate, oxidation of an amino group to the nitro 
derivative and evaporation of volatile material such as or//zo-phenylenediamine (OPD) 
(making it hard to maintain the stoichiometric balance). The result of these difficulties 
was the production of a multi-component mixture containing many impurities and low 
yield of the desired metal-amine complex. Furthermore the resulting products were 
often produced as an infusible solid block which was hard to dissolve in either 
solvents or epoxy monomer. This insolubility made isolation and analysis of the 
complexes difficult.
An alternative method, which proved successful, was to gently reflux the reagents 
together in absolute ethanol until complexation occurred (as evidenced by infrared 
measurements). The coordination between the metal and the diamine proceeds 
efficiently under these conditions. Possible side reactions such as decomposition, 
evaporation and oxidation, which may occur under non-solvent - reaction conditions 
are effectively prevented under these temperate conditions. The products isolated by 
filtering or direct removal of the solvent are usually very fine powders or crystals 
which can be easily mixed with epoxies.
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A number of amine-copper(II) chloride complexes of OPD, PPD, DDM and DDS 
were prepared in absolute ethanol, isolated and characterised by elemental analysis and 
infra-red spectroscopy by monitoring the N-H stretching (~3340cm"l) and deformation 
(~1280cm'l) vibration bands before and after association with Copper(II) (Figure
6.9). These complexes are Cu(0 PD)Cl2 , Cu(OPD)2 Cl2 , Cu(PPD)Cl2 , Cu(PPD)2 Cl2 , 
Cu(DDM)Cl2 , Cu(DDM)2 Cl2 , Cu(DDS)Cl2  and Cu(DDS)2 Cl2  It was found that in 
most cases the 1 : 1  complexes were found in the highest proportion regardless of the 
proportion of the starting material. When the diamine and copper salts are present in a 
1 : 1  ratio, no bands characteristic of free amine were observed indicating the formation 
of a linear complex structure through intermolecular (binuclear) bridge bonds:
Cl Cl
H I H H I H
Cl Cl
In the case of w:l [n> \ ,n : \  is the molar ratio of aromatic diamine to the copper(ll) 
chloride], with increasing n free NH2  groups are found, indicating that for some 
diamines only one of the two -NH2  groups are associated with metal.
The increase in metal - amine bonding leads to a decrease in the potential for further 
complexation and the stability of the ligand bonds. A chelate structure is likely to form 
in the case of or^/zo-diamine (OPD) while 7?am-diamines produce linear based 
structures. However, free amino group absorbances were found in the infrared 
spectrum of Cu(OPD)2 Cl2 indicating that some amino groups were not coordinated 
with the metal. The structure of such a complex is complicated by the possible
production of a number of structures, rather than a simple chelate structure. The
formation of 1:1 metal-amine (M-L) complexes rather than a higher number of ligand 
complexes such as 1:4 (M-L4 ) may be attributed to the electron withdrawing effect of
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the phenyl ring and the potential delocalization of the lone-pair electrons on nitrogen, 
making it a weaker ligand. It was found that the production of the complexes was 
more complicated when organic metal salts e.g., copper acetate and copper salicylate 
were used. The ligands on organic anions may compete with the amine groups to 
coordinate with metal. The bulkiness of the organic ion and the potential for intra- or 
intermolecular coordination of organic functional groups may also make their 
purification and characterisation very difficult.
In the present work, it was of interest to investigate the potential of metal - diamine 
complexes as epoxy resin curing agents. Low metal content complexes such as the 
chelate Cu(OPD)2Cl2  are preferred in order to avoid too great a metal content in the 
epoxy resin. Unfortunately, no suitable synthetic route was found to prepare such a 
complex in good purity and yield, factors which are highly desirable in their 
application as epoxy resin curing agents. The purity is vital as reactive impurities may 
introduce more uncertainties, making the analysis more difficult. Although most 1:1 
copper aromatic diamine complexes are readily obtainable, they are not as attractive as 
epoxy resin curing agents because unlike imidazole curing agents (which are often 
applied in small quantities), aromatic diamines may require mixing with epoxy resin in 
stoichiometric amounts to make a highly crosslinked structure (the diamine plays an 
equal part with the epoxy in the network). Thus, a 1:1 metal diamine complex such as 
Cu(0PD)2+ and Cu(PPD)^+ may introduce a high metal salt content into the epoxy 
resin. This may lead to the formation of organic (through covalent bonding) and 
inorganic (through coordination between metal and ligands) polymer mixtures. The 
final properties and the nature of the network of such kind of materials is not clear and 
needs further investigation.
170
60
Cu(OPD)Cl.
40
OPD
20
28003400 3200 3000
60
40 ■
PPD
20  ■
28003400 3200 3000
60
40
DDM
20
3400 3200 3000 2800
60
Cu(DDS)Cl-
40 •
DDS
20  ■
3400 3200 3000 2800
Figure 6.9 Infra-red spectra of diamines and their Cu(II) complexes
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6.S.2.2 The influence on the cure of a commercial epoxy resin
There are many methods, which can be used to study the cure behaviour such as radio 
HPLC, NMR and FT-IR. The measurement by dynamic viscosity of a thermosetting 
epoxy resin may be a useful method to study the curing behaviour of these complexes 
through the gel time and viscosity profiles of these systems. The change in viscosity of 
an epoxy resin during the cure can provide information on: the gelation of the resins at 
the cure temperature within a certain time scale and thus can provide reactivity 
information; the viscosity profile can provide information on the nature of network 
growth.
The cure of pure BADGE (EPON 825) using two series of diamine complexes as 
curing agents has been measured. The proportion of diamine complex and BADGE is 
in stoichiometric equivalence (1:2 molar ratio of diamine : BADGE).
6.3.2.2.1 OPD complexes with BADGE
In the reaction between OPD and BADGE, the amino groups react with the epoxide 
group to form a 1:1 adduct (see Scheme 6.1 structure III). The reaction of a second 
amino group with BADGE will form a 1:2 adduct. Further reaction with one 
secondary amine group with the epoxide group on another adduct will produce a 
branched structure. Finally, the reaction of a second secondary amino group with these 
branched products will lead to a crosslinked network (as shown in Scheme 6.1).
Three formulations: OPD, Cu(0 PD)Cl2  and Cu(OPD)2 Cl2  with epoxy BADGE have 
been analysed at 100°C. Figure 6.10 shows the viscosity versus time plot for these 
three formulations. Significant differences were observed in the gel times and 
viscosity profiles for formulations with different metal contents. The reactivity of the 
diamines decreases with increasing metal content, the initial network (as shown by tg^ j)
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is formed for curing agents OPD, Cu(OPD)2 Cl2 and Cu(0 PD)Cl2  at 36, 37 and 53 
minutes respectively. The 2:1 complex seems not to be so stable and shows similar 
reactivity to pure OPD at this temperature. The 1:1 complex is more stable and shows 
a stronger interaction between NH2  and Cu^+ than the corresponding 2 : 1  complex. 
This interaction between the metal and amine groups effectively hinders the reaction 
between the -NH2  and epoxide groups at this temperature.
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Figure 6.10 Dynamic viscosity of BADGE/OPD (o), BADGE/Cu(0 PD)Cl2  (a) and
BADGE/Cu(OPD)2 Cl2 (□) at 100°C
Table 6.2 Viscosity behaviour for the cure of OPD/BADGE systems at 100°C
OPD Cu(OPD)2 Cl2 Cu(0 PD)Cl2
tee/ (min) <37 37 55
Atgg/ (min) <4 14 1 0
tgg/ (min) is the time taken before the viscosity tends to infinity.
Atgg^  (min) is the time taken from the onset of gelation to full gelation.
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Scheme 6.1 Proposed reaction of BADGE with OPD complex curing agent
From the At^ /^ values (Table 6.2) it can be seen that the formulation containing OPD 
exhibits a very rapid increase in viscosity at the gel point, suggesting that the cure 
follows the mechanism shown in Scheme 6.1. The 2:1 complex Cu(OPD)2 Cl2 mixture 
shows that the reactivity does not decrease dramatically as shown in gel time but an 
uneven molecular weight growth shown as early onset is observed. These may be 
related to the interaction between metal and some -NH2  groups. The 1:1 complex 
Cu(0 PD)Cl2  formulation displays similar viscosity profile, but a longer due to the 
effect of the high metal content. The intermediate At^ /^ value for Cu(0 PD)Cl2  shows 
the molecular growth is even, indicating that the reactivity of most amino groups in
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the system are equivalent, but may not give rise to a wholly cluster-like growth (as in 
the case of OPD) because the metal around the nitrogen resists further reaction due to 
steric hindrance.
6.S.2.2.2 PPD complexes with BADGE
The PPD complex is more reactive than the OPD complex because of steric 
considerations. The high boiling point (143-145°C) and poor solubility pose particular 
problems with PPD making it difficult to control the initial stages of reaction. The 
PPD has to be granulated as fine as possible before mixing with epoxy and stirred 
frequently during the cure to avoid aggregation and precipitation. In contrast the 
complexes of PPD form fine particles making the handling easier.
Four formulations: PPD, Cu(PPD)2 Cl2 , Cu(PPD)^Cl2 and Cu(PPD)gCl2 with epoxy 
BADGE were monitored over time at 80°C. The dynamic viscometry data are shown 
in Figure 6.11 and presented in Table 6.3. The results are similar to those OPD 
systems in that an increase in the metal content of the PPD system results in a decrease 
in reactivity of the formulated epoxy mixture (Table 6.3). The exception is pure PPD 
system which is slower to reach the gelation than the 6 : 1  complex, but this may be a 
result of the particle size which is bigger than the finely powdered complexes and the 
poor solubility (making the 'effective' concentration lower than expected). From Table
6.3 and Figure 6.11 it can be seen that gelation of PPD system can be reached in a 
shorter time scale (20 minutes and at lower temperature, 80°C, than the OPD system 
(35.5 minutes at 100°C). The greater reactivity of PPD may be attributable to the 
lower steric hindrance in the amine/epoxy reaction. However, at the same temperature 
both 1:1 and 1:2 Copper/PPD complex systems are relatively unreactive (each take 
more than 4 hours to reach gel point). This is probably because most of the amino 
groups are coordinated with the metal in compositions containing such a high metal
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content and the coordination of 1 : 1  and 1 : 2  complexes are inherently strong through 
linear or network bridge bonds (which are still relative stable at this temperature). At a 
cure temperature of 100°C, the reactivity of all PPD complexes (including 1:1 and 1:2) 
increases dramatically indicating that the ligand bonds are broken at this temperature.
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Scheme 6.2 Proposed reaction of epoxy with PPD complex curing agents
Table 6.3 Viscosity behaviour for the cure of PPD/epoxy systems at 80°C
PPD Cu(PPD)g2+ Cu(PPD)42+ Cu (PPD)22+
T(°C) 80 80 80 80
tgg/(mm) 20 18 21 > 7 2
At^g^(min) <1 2 3 > 3 0
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Figure 6.11 (a) Dynamic viscosity of BADGE/PPD at 75 (o) and 80°C (□)
(b) Dynamic viscosity of BADGE/PPD complex systems- (o) PPD,
(□) Cu(PPD)62+, (0 ) Cu(PPD)42+
The PPD formulations show viscosity profiles which are typical of percolation network 
formation mechanism at a range of temperatures (Figure 6.11). The viscosity shows a
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considerable rapid increase at the gel point indicating that the cure process undergoes 
an orderly progress as shown in Scheme 6.2. The 1:4 and 1:6 complex mixtures show 
the percolation style of the network formation nature but again as in the OPD complex 
systems, the network formation process is retarded by the presence of metal ions in the 
system.
6.4 Conclusions and Suggestions for Further Study
The results of the present study show that the addition of metal atoms to the 
crosslinking polymer system does not have an adverse effect on either the water 
absorption or dielectric properties of the final product. The cured metal-containing 
resin displayed comparable thermal stability and absorbed the same amount of water at 
saturation to a similar sample cured with a parent imidazole adduct. The viscosity 
results showed that the curometry can be used to monitor the sol-gel-glass transitions 
through entire course of cure, and also can be possibly used to determine the glass 
transition temperature of the material directly after the cure.
Initial studies on the transition metal-diamine complexes as epoxy curing agent to 
form a metal-chelate epoxy resin were carried out. Complexes of aromatic diamines 
including OPD, PPD, DDM and DDS were prepared and their influence on the 
reactivity as epoxy resin curing agents were examined by dynamic viscosity 
measurement. It is shown that the bonding strength to the metal of these aromatic 
diamines is not strong making it difficult to produce high ligand containing complexes 
in pure form. The effect of a range of complex compositions on the cure of BADGE is 
significant as seen in gel time and viscosity profiles of the cure. However, the effect on 
the properties of cured product still needs to be investigated. It is indicated from this 
initial work on the diamine complex curing agent that there is greater potential of this 
area which has not yet been explored. More baSiC works in this area are not only
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useful to understand the fundamental theory but also attractive to the industry. One 
analogous research on the aliphatic diamines is of particular interest. It is always 
desirable in industry for improved properties such as: solubility, long pot-life one part 
composition for easy handling, controllable cure for easy processing and better final 
properties of cured products. Aliphatic diamine-metal complexes may offer 
opportunities to attain all these goals. Aliphatic amines are room temperature curing 
agents-one of the important families of epoxy curing agents. Their fast cure properties 
are mainly because of the electron-donating effect and the flexibility of the aliphatic 
groups. However, this makes it impossible to form a one-part composition as the cure 
happens quickly at room temperature. On the other hand, the electron-donating effect 
makes amino groups strong ligands to the metal salts. The strong coordination 
between aliphatic diamine and metal may effectively block the cure reaction in a 
certain range of temperatures making it possible to form long shelf-life one-part 
compositions (with latent properties). The remarkably strong coordination (compared 
with those aromatic diamine complexes) also offers more space to tune the solubility, 
reactivity, controllability and the optimised final property by varying the dentate 
density (metal content), metal cation and acid anion. Computer simulation may also be 
used to optimise these properties. Obviously the work in this area offers great potential 
and needs to be investigated further in the future.
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